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Abstract

The intrinsic lipid curvature C0 is a property of lipids which describes the bending radius of
unstressed monolayers, resulting from the molecular shape of the lipids. It is an important
parameter in the calculation of interfacial energies, which a�ect lipid/protein interactions.
We explore a model-based approach to determine C0 by applying a full q-range small-angle
X-ray scattering data analysis of inverted hexagonal phases based on Bayesian statistics.
The technique was tested on di�erent mixtures of phosphatidylethanolamines with lamellar
phase forming phosphocholines and compared to an all-atom molecular dynamics simulation.
We included a non-linearity term for lipid mixtures based on the e�ective lipid headgroup
size. We found that saturated lipids show a linear dependence of curvature and volume on
chain length and that lipids with unsaturated chains deviate from this linear trend. Also,
challenges and limitations of our approach are discussed. In particular, we observed that
the consistency of the sample preparation is crucial for a successful determination of the
curvature.
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1. Introduction

1. Introduction

The present work is dedicated to determine the intrinsic curvature of membrane lipids by
means of a global analysis of data provided by X-ray experiments. It is based on previous
work [7, 8] from Moritz Frewein and tries to improve the methodology introduced there.
The main goal is to �nd an applicable method which is capable of evaluating the intrinsic
curvatures for bilayer forming lipids.

1.1. Lipids and Intrinsic Curvature

Lipids, as membrane forming molecules, are a crucial part of all biological cells and there-
fore very important for every living organism. The intrinsic curvature, one of the molecular
properties of lipids, is an important quantity and has impact on the partitioning of trans-
membrane proteins and various other lipid-protein and lipid-peptide interactions [16, 9, 3].

The concept of curvature is best understood when looking at a bent monolayer. From every
point on the surface, a normal can be drawn and the principal curvatures, c1 and c2, can be
de�ned, as shown in �gure 1, as the maximum and minimum values of curvature respectively
[26].

Figure 1: Principal curvatures at one point of a monolayer. At these points they are de�ned as
c1 = 1/R1 and c2 = 1/R2. Source: [26]

The two principal curvatures are perpendicular to each other and combined give the mean
curvature C or the Gaussian curvature K at that point [26].

C =
1

2
(c1 + c2)

K = c1c2

(1)

If both, the mean and the Gaussian, curvatures are known at every point of the surface, the
shape of the membrane is determined. It is important to point out that going from a �at
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1. Introduction

surface to a cylinder, the mean curvature will change but the Gaussian curvature remains
0. The Gaussian curvature cannot be altered by bending alone. Some distortion, such as
stretching or compression, must occur, thus a �at surface cannot be wrapped into a sphere
without distorting it [26].

It is considered that the free energy of the system, consisting of the lipid and water molecules,
determines the favored shape of the membrane. The contributors to this free energy gtot are
the membrane curvature elasticity gC , the packing of the hydrocarbon chains gP and a free
energy interaction term ginter which accounts for any other interaction such as hydration and
electrostatic forces [26].

gtot = gC + gP + ginter (2)

The membrane curvature elasticity is well described by the 'Helfrich Ansatz' which simpli�es
the problem by reducing the membrane to an in�nitely thin elastic surface. The energy cost
for deformations is then only dependent on changes of the curvature of the surface, de�ned
by its mean and Gaussian curvatures, C respectively K. This gives the curvature elastic
energy per unit area [26, 12]:

gC = 2κ(C − C0)2 + κGK (3)

With the bending modulus κ, describing the energy needed to bend the surface, and the
Gaussian modulus, accounting for the change of the Gaussian curvature. The mean curvature
of the surface when totally relaxed C0, later referred as the intrinsic curvature, is the quantity
of the surface this work is determined to. For inverse structures such as the inverse hexagonal
phase HII , the intrinsic curvature is de�ned as:

C0 =
−1

R0

(4)

With R0 describing the radius of the curvature at the neutral plane, which occurs where
bending and stretching �uctuations are decoupled [17]. The sign is a convention, being
negative means that the monolayer is curved away from the hydrocarbon chains, see �gure 2.

Figure 2: Convention adopted for the sign of the curvature de�nition. Left: positive; Right:
negative (inverse); Source: [26]
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1. Introduction

The formally mentioned inverse hexagonal phase HII is one of several structures lipids can
assemble when dissolved in water. Which phase a lipid will prefer during this self-assembly
process is largely de�ned by the packing parameter S which depends on the molecular volume
of the lipid chains V , the optimum surface area of the headgroup A0 and the maximum length
of the chains l [13, 26], see equation (5).
When in contact with water, the hydrophobic e�ect keeps the oily chains of the lipid
molecules screened from the water as much as possible. This leads to a variety of supramolec-
ular aggregates that are formed spontaneously via self-assembly [22]. As mentioned above,
the main factor determining which aggregate is formed is the packing parameter. In �gure 3
an overview of the possible aggregates dependent on the packing parameter is given.

S =
ν

A0 l
(5)

Figure 3: Possible Lipid phases dependent on the packing parameter. Source: [23]

As we have seen, lipids are very diverse and are often classi�ed into non-bilayer and bilayer
forming lipids [1]. Lipid bilayers are never free of stress which makes measuring a parameter,
e.g. the intrinsic curvature, that depends on the shape of the molecule itself di�cult. Luck-
ily the monolayers in the HII phase can provide a stress-free environment. The non-bilayer
forming lipid DOPE (1,2-dioleoyl-sn-glycero-3 phosphoethanolamine) can assemble this ag-
gregate when dissolved in water, see �gure 4. In theory, the molecules in such a con�guration
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1. Introduction

are free of outer stress but due to the hexagonal array, there will be voids between the lipid
cylinders which would cause the lipids to stretch out, generating deformations of the tubes.
To prevent this stress a �ller molecule, tricosene in this work, is added [7].

Figure 4: Schematic of the inverse hexagonal phase HII. The HII phase consists of tubes of lipid
monolayer around a water core arranged in a hexagonal lattice. Tricosene is used to �ll up the voids
(shaded gray). R0 denotes the radius to the neutral plane, de�ning the intrinsic curvature with
C0 = −1

R0
, a describes the lattice constant and Rw stands for the radius of the water core. [1]

1.1.1. Some Lipid types and the �ller molecule

DOPE (1,2-dioleoyl-sn-glycero-3-phosphoethanolamine) with its di-monounsaturated chains
and rather small head, compared to the chain volume, occurs in the HII phase on contact
with water at room temperature. This attribute makes it a great candidate for curvature
measurements. The chemical structure of DOPE is visualized in �gure 5.

Figure 5: Chemical structure for DOPE. Source: [20]

The method for measuring the intrinsic curvature, which is described in this work, is mainly
applied to phosphocholines. One lipid of this family, DPhPC (1,2-diphytanoyl-sn-glycero-3-
phosphocholine), is shown in �gure 6. The additional methyl groups on every other carbon
molecule make this lipid a bit special. With this additional chain volume a more negative
curvature is expected compared to other phosphocholines.
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1. Introduction

Figure 6: Chemical structure for DPhPC. Source: [20]

An example of lipids with completely saturated chains is DPPC (1,2-dipalmitoyl-sn-glycero-
3-phosphocholine) shown in �gure 7. Similar lipids, i.e. lipids with a PC head and saturated
chains, are expected to have a curvature at around 0 or even slightly positive, depending on
their chain length.

Figure 7: Chemical structure for DPPC. Source: [20]

Previous works showed that cis-9-tricosene inserts primarily into the interstices between the
lipid cylinders in the HII phase and so is e�ectively reducing packing frustration[1, 16]. The
master thesis of M. Frewein [8] suggests 12 w% of added �ller molecule which is the amount
used in this work. The chemical structure of tricosene is printed in �gure 8.

Figure 8: Chemical structure for cis-9-tricosene. Source: [5]

1.2. Lipid mixtures � Headgroup Interactions

To measure a bilayer forming lipid, usually a small amount of it is added as guest lipid and
is expected to incorporate into the HII phase, assembled by the host lipid, while distributing
evenly in such. By doing so, the guest lipid will alter the cylinder radius according to its
curvature. The aim of this work is to exploit this change in curvature to determine the
intrinsic curvature of the bilayer forming lipid.

In previous works, a linear addition of the host and guest curvatures was assumed [16].

C0 = (1− x)C0,host + xC0,guest , (6)
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1. Introduction

with x being the molar fraction of the added guest lipid in the mix.

x =
Nguest

Nguest +Nhost

The following considerations on non-linear headgroup interaction when mixing the lipids are
based on an unpublished work by Primoº Ziherl (University of Ljubljana, Slovenia) [30].
Let's examine a mixture of two di�erent lipids. One of them, the one which makes up the
main body of the mixture, has to form a HII phase. For this consideration it is important
to assume that the lipids mix well, the mixture still forms a HII phase and that the radial
dimension of the headgroup is the same for both lipids. When these assumptions are met,
each of the two lipids can be characterized by their in-plane dimensions at the neutral plane.
These dimensions are denoted as bhost and bguest for the host and guest lipid respectively and
are sketched in �gure 9.

Figure 9: Schematic of the cross section of an inverted cylindrical monolayer micelle consisting of
two di�erent lipids. Showing di�erent head widths bA and bB. The thick line is representing the
neutral plane with radius R0. Source: [30]

The total angle of the neutral plane contour is 2π and consists of the contribution of Nhost

molecules of the host and Nguest molecules of the guest lipid.

2π = Nhostωhost +Nguestωguest = (Nhost +Nguest)[(1− x)ωhost + xωguest] (7)

This argument applies as long as at least one lipid has a negative curvature and the mixture
still forms an inverted cylindrical micelle.
The circumference of the contour at the neutral plane is

l = Nhostbhost +Nguestbguest = (Nhost +Nguest)[(1− x)bhost + xbguest] , (8)

with the in-plane dimensions of the lipid headgroups bhost and bguests. Replacing (Nhost +
Nguest) with (7) gives

2πR0 = 2π
(1− x)bhost + xbguest
(1− x)ωhost + xωguest

,
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1. Introduction

where R0 denotes the radius of the neutral plane. With C0 = −1
R0

and the in-plane intrinsic

curvature of the single components C0,host/guest =
−ωhost/guest

bhost/guest
this can �nally be written as

the total intrinsic curvature of the mixture.

C0(bguest/bhost, x) =
(1− x)C0,host + x bguest

bhost
C0,guest

(1− x) + x bguest
bhost

(9)

The result is valid for C0(bguest/bhost, x) < 0 where the mixture still forms a HII phase. For
bguest/bhost = 1 this reduces to the linear relationship in (6).

1.3. Problems of the previous work

The main problems of the previous work on de�ning a global model for evaluating the
intrinsic curvature, which are also attacked in this work, are listed below:

� Convergence problems of the MCMC-algorithm:

The MCMC algorithm described in [8] is rather simple and therefore has sometimes
problems converging. This is addressed by switching to a full-blown external �t library
[25].

� Mid- to high q-range is not coinciding well with the data for DOPE �ts:

Figure 10 shows some issues of the previous approach in the mid- to high q-range. This
will be addressed by adjusting the part of the �t accounting for di�use scattering.

Figure 10: Result for pure DOPE at 35 ◦C of the original method. Source: [7]
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1. Introduction

� Odd high q-range behavior of the form factor:

In �gure 11, the shown intensity of the form factor displays an unexpected, additional
minima between 0.3Å and 0.4Å. As it is shown later, also simulations do not show
this additional minima. This problem will be addressed by also applying the lipid unit
cells polydispersity to the tricosene part, which was not done previously.

Figure 11: Hexagonal form factor for DOPE at 35 ◦C. Source: [7]

� Insu�cient agreement for results of the same lipid at di�erent guest concentrations:

Arguably the biggest problem was the bad agreement within results for di�erent guest
concentrations of the same lipid. An instability like that raises doubt in which result
to trust. In the present work this problem will be addressed with a multitude of small
adaptions like the simpli�cation of the mixed head slabs and reparametrization.

Figure 12: Results for di�erent bilayer forming lipids acquired by the original method. Source:[8]

1.4. Small-angle X-ray scattering

HII phases are very accessible systems for deriving the intrinsic lipid curvatures by small
angle X-Ray scattering (SAXS) [7, 16]. As it will be described later in more detail, the
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1. Introduction

intensity of the scattering signal I(q) ∝ |F (q)|2|S(q)| is proportional to the form factor
F (q) and structure factor S(q). The form factor in turn, among other things, depends on
the scattering length density (SLD) which is in the case of SAXS the electron density of the
specimen. What is called the scattering vector q is proportional to the di�erence between
the primary, the part of the incident beam which gets not scattered, and the scattered beam.

q =
2π

λ
(S − S0) (10)

The modulus of the scattering vector becomes q = 4π
λ

sin θ. In �gure 13 a simple schematic
of a beam hitting 2 arbitrary scattering centers is shown.

Figure 13: Elastic scattering at the scattering centers P and O. The primary beam and the
scattered, secondary beam are denoted as S0 respectively S. Source: [8]

1.5. Bragg Peaks and linear extrapolation

A non-global approach was developed by Benjamin Kollmitzer and is described in [16]. His
method uses only Bragg peaks to calculate the overall intrinsic curvature of the system and
ignores the di�use scattering signal. The results of measurements of di�erent guest lipid
amounts are then linearly extrapolated to get the curvature of the lipid of interest.

Some results of the present work will be compared to this linear extrapolation and the
di�erences will be discussed.

1.6. Molecular dynamics simulation for DOPE

The unpublished results of an all-atom molecular dynamics (MD) simulation of a system
consisting of 128 DOPE molecules with 40 tricosene chains is provided by Douwe Jan Bon-
thuis (Graz University of Technology, Austria). This simulation helps to validate the results
of DOPE produced by the present thesis.
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2. Methods � From Lipid Dust to Curvature

2. Methods � From Lipid Dust to Curvature

This section deals with all methods used, from sample preparation to actual measurement
up to the computational evaluation and interpretation of the data.

2.1. Experimental Techniques

2.1.1. Sample Preparation � RSE

The sample preparation follows the description in [8]. Lipids were purchased at Avanti Polar
Lipids (Alabaster, AL) in the form of dry powder and used without any further puri�cation.
The total amount of lipid, a single species or a combination of two, used for one sample
is 6 mg. The powder is dissolved in organic solvent, a chloroform-methanol mixture (9:1
for phosphoethanolamines and 2:1 for phosphocholines), at a concentration of 10 mg/ml.
Di�erent lipids are dissolved in separate vials. The �ller molecule is dissolved in a 9:1
chloroform-methanol mixture at a concentration of 5 mg/ml, also in a separate recipient.
Some water (0.3 ml, ultra-pure 18 mΩ) is preheated to approximately 65 ◦C. The dissolved
lipid and tricosene samples are added to the water and immediately put into the RSE-
apparatus, see �gure 14. In there it gets vortexed at 600 rpm, exposed to a vacuum of 400
to 500 mbar and there is a constant �ow of argon with 60 ml/min. This process lasts 5 min
to make sure that all the solvent is evaporated.

Figure 14: Cross-sectional schematics of the rapid solvent exchange (RSE) process. Source: [4]
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2. Methods � From Lipid Dust to Curvature

2.1.2. SAXS Measurement

The SAXS measurements are performed on a SAXSpace camera from Anton Paar (Graz,
Austria) equipped with an Eiger R1M detector system (Dectris, Baden-Daettwil, Switzer-
land) and a 30 W Genix 3D microfocus X-ray generator from Xenocs (Sassenage, France).
The generated radiation originates from the Cu-Kα transition which has a wavelength of
1.54Å creating a beam with a circular spot size of ∼300µm on the detector. As sample
holder paste cell from Anton Paar was used and samples are equilibrated for 10 min at each
measured temperature. The total exposure time was 30 min, 6 frames with 5 min each, and
the distance between sample and detector was set to 308 mm. Data correction and reduction
was performed via the program SAXSanalysis (Anton Paar).

Figure 15: Schematic drawing of the SAXS-measurement. Source: [8]

2.2. Data Evaluation � Where is the Curvature

Now that the data is available, the question remains: Where is the curvature? In this section,
the slab model used to describe the hexagonal phase is de�ned. Furthermore, it is explained
how the mixing of lipids is modeled, parameterized and �nally optimized via a Monte Carlo
method to obtain the intrinsic curvature of lamellar phase forming lipids.

2.2.1. Modeling the Inverse Hexagonal Phase

What is needed here, is a parameterized, mathematical expression describing the hexagonal
phase which can be optimized against measured data and in that way gain information about
the system like the intrinsic curvature.
To de�ne such a model, the HII phase is considered to be built out of lipid prisms arranged
in a hexagonal lattice, see �gure 16. A form factor F (q) can be de�ned to describe a single
prism, whereas a structure factor S(q) is de�ned to account for the hexagonal lattice with q
being the scattering vector [7].
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2. Methods � From Lipid Dust to Curvature

Figure 16: Scheme of the HII phase model.
Source: [7]

The length of these lipid prisms is assumed to be very long compared to their diameter,
therefore the Form Factor and Structure Factor are decoupled which gives the following
relationship for the scattering intensity I(q)[6].

I(q) ∝ |F (q)|2 S(q) (11)

In the following equations, the independent variables after the vertical bar are �tting pa-
rameters. In equation (12) for example this means that n and ∆ will be �tted.

Structure Factor

The structure factor for this geometry is given by [6]:

S(q, θ|n,∆) = 1 +
1

Nhex(n)
e−q

2∆

Nhex(n)∑
j 6=k

J0(q|Rj −Rk|sinθ) (12)

Where θ is the angle between the scattering vector q and the long axis of the cylinders. Nhex

is the total number of lattice points for a hexagonal lattice with n rings. To account for
thermal displacements around the mean positions Rj of the lattice points, the variable ∆ is
used.

Form Factor

The form factor is used to account for the lipid prisms. These consist of a water core
surrounded by a cylindrical shell of lipids with their heads pointing towards the water.
When �tting cylinders in a hexagonal arrangement, there will be voids generated in the
corners of the hexagons. The lipids would then have to stretch out to �ll these voids which
would cause stress and therefore a�ect the measured intrinsic curvature. To eliminate this
stress, tricosene is added to the sample to �ll up these voids.

12



2. Methods � From Lipid Dust to Curvature

The form factor describing a hexagonal prism, with length L, can be separated in its lipid
core part Flipid and the part �lling up the spaces between the cylinders Finter[7].

F (q, θ|ρ) = f(q, θ)

∫
ρ(r, φ)J0(q r sin θ)r dr dφ

= f(q, φ) [Flipid(q, θ|ρ) + Finter(q, θ|ρ)]

(13)

f(q, θ) = 4π sin

(
L

2
q cos θ

)

Flipid(q, θ|ρ) =

∫ a/2

0

r∆ρ(r)J0(q r sin θ) dr =

1

q sin θ

[
∆ρMrMJ1(q rM sin θ) +

M−1∑
k=1

(∆ρk −∆ρk+1rk)J1(q rk sin θ)

] (14)

With the SLD relative to water ∆ρ = ρ− ρw (ρw=0.33Å), the radius of the cylinders r, the
Bessel function of the �rst kind of ith order Ji. The sum here is summing over the section
as seen in �gure 16 thus M is the total number of slabs.

The form factor of the interstices is [7]:

Finter(q, θ|ρ) =
6

π

∫ a/
√

3

a/2

dr

∫ π/6−arccos( a
2r

)

0

r∆ρinterJ0(qr sin θ) dφ =

∆ρinter

∫ a/
√

3

a/2

[π
6
− arccos

( a
2r

)]
rJ0(qr sin θ) dr

(15)

As seen here the integral over r has to be integrated numerically, since integrating like that
is rather expensive this cannot be done often. Fortunately Finter does not depend on any
�tting parameters and can therefore be calculated in advance.

As it will be described later, the SLD is built up from a simple slab model which gives sharp
steps in the pro�le. In reality, this pro�le is of course much smoother due to molecular
�uctuations. Analog to [7], it is accounted for these �uctuations by translating the shell
boundaries by the distances x which are distributed like a Gaussian function N(x|µ =
0, σ2

fluc) with mean µ and variance σ2. This can be seen as a polydispersity of the slabs
inside the lipid unit cell. Here these �uctuations are applied to the whole form factor.

F (q, θ|ρ, σfluc) =

∫
dxN(x|µ = 0, σ2

fluc)F (q, θ|ρ) (16)

Di�use scattering

Analog to previous publications [7, 16], the experimental data of this work shows signi�cant
di�use scattering especially between the �rst two peaks (see �gure 18). It is assumed that this
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2. Methods � From Lipid Dust to Curvature

di�use signal arises from the formation of a lamellar structure, a monolayer or a combination
of both at the boundaries between the hydrocarbons and water. Depending on the lipid
species, a di�use form factor for a laterally uniform, in�nitely long mono- or bilayer is
calculated from (17). The SLD ρdiff (z) depends on the lipid species and the presumed
structure.

Fdiff (q|ρdiff ) = 4π2

∫ ∞
−∞

ρdiff (z) eiqz dz (17)

A simpli�ed version of the slab model described in section 2.2.2 is used to de�ne ρdiff . For
the monolayer, it just consists of one slab for the hydrocarbon chains and another for the
lipid head. The SLD is de�ned by the area per lipid in the monolayer Amono and the lipid
volume V of the HII-phase-forming lipid, giving ρmono = {Amono, V }. Using equation (17)
with this SLD gives the following relationship.

Fmono(q|ρmono) = Fdiff (q|ρdiff = ρmono) =

4π2i

q

[
∆ρHC,mono

(
e−iqdHC,mono − 1

)
+ ∆ρH,mono

(
1− eiqdH,mono

)] (18)

Analogously, the form factor for the bilayer phase can be de�ned by the area per lipid in the
bilayer Abi and the volume of the guest lipid Vg, giving ρbi = {Abi, Vg}.

Fbi(q|ρbi) = Fdiff (q|ρdiff = ρbi) =

−4π2i

q

[
∆ρHC,bi

(
eiq(dH,bi+2dHC,bi) − eiqdH,bi

)
+∆ρH,bi

(
eiqdH,bi − 1 + ei2q(dH,bi+dHC,bi) − eiq(dH,bi+2dHC,bi)

)] (19)

For pure HII phase forming lipid species only a monolayer, surrounding the outermost bound-
ary of the hexagonal structures, is assumed. For mixed lipid species, where the guest lipid
does form bilayer structures, also a bilayer term is added. This bilayer is assumed to consist
solely of the guest lipid and not to interact with the HII structures. Of course, we can-
not exclude that the di�use signal originates from other aggregates formed during sample
preparation.

Intensity

Putting all the parts together, while considering orientational averaging, the total scattering
intensity can �nally be obtained.

I(q) ∝
∫ π

0

|F (q, θ|ρ, σfluc)|2 S(q, θ|n,∆) sin θ dθ

+2cmono Fmono(q|ρmono)
∫ π

0

F (q, θ|ρ, σfluc)s(q, θ|n,∆) sin θ dθ

+c2
mono|Fmono(q|ρmono)|2 + c2

bi|Fbi(q|ρbi)|2

(20)
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2. Methods � From Lipid Dust to Curvature

Where cmono and cbi are used to scale the monolayer respectively bilayer form factors. For
evaluations where solely HII phase forming lipids are considered, cbi is set to 0. The structure
factor s(q, θ|n,∆) occurring in the mixed term is derived analogously to equation (12) and
reads as follows:

s(q, θ|n,∆) =
1√

Nhex(n)
e−q

2∆/2

Nhex(n)∑
j 6=k

J0(q|Rj −Rk|sinθ) (21)

2.2.2. Electron Density � Slab Model

For X-Ray scattering the SLD is the electron density of the specimen. The model for the
SLD is based on the one from [7] but some adaptions were made. First and foremost it is
now accounted for tricosene penetrating into the hydro-carbon chain region and the width
of the lipid backbone is �xed to dBB = 4.6Å [14].

The PE structure is parsed into 3 sections of a wedge shaped slab with opening angle α and
height h. Besides the water core these sections are the headgroup, the glycerol backbone,
and the hydrocarbon tails. It is also assumed that some added �ller molecule, tricosene,
interdigitates into the latter section which slightly alters the electron density there. This
lipid unit cell, which holds exactly one lipid, is shown in �gure 17.

Figure 17: Modeling of the SLD for phosphatidylethanolamines: a) The lipid unit cell consisting
of a cylinder sector with radius a/2, separated into the sections which build up the lipid. From left
to right these sections are the water core, lipid head (H), lipid backbone (BB) and the hydrocarbon
tail (HC). R0 denotes the radial position of the neutral plane. b) Chemical structure of DOPE and
tricosene. c) A corresponding electron density pro�le.
Source: [7]

The outer radius of this wedge-shaped structure is a/2. Fortunately the lattice constant a is
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2. Methods � From Lipid Dust to Curvature

easily calculated from the Bragg peak positions via qkl = 4π√
3a

(k2 +2kl+ l2), with the position
of the Bragg peaks qkl with k and l being the Miller indices.
As mentioned earlier, the intrinsic curvature is measured at the neutral plane. The radial
position of this plane is assumed to be at the center of the backbone slab. This assumption
is backed by previous works from Frewein and Kollmitzer [7, 16].

The �t parameters which are de�ning the SLD for a single lipid species are the intrinsic
curvature C0 = −1

R0
, the radius of the water core Rw and the lipid volume Vlipid. Since the

lattice constant is known from the peak positions of the data and the backbone is �xed, the
remaining parameters, such as the width of the headgroup dH and the hydrocarbon tails
dHC , are de�ned.

dH = R0 −
dBB

2
−Rw (22)

dHC =
a

2
−R0 −

dBB
2

. (23)

For X-rays the SLDs, i.e. the electron densities, of each sector are given by nk = Nk/Vk
with k being one of the shells accounting for the headgroup, backbone or tail, the number of
electrons of the kth shellNk and its volume Vk. For DOPE the volumes for head and backbone
are VH = 110Å

3
and VBB = 135Å

3
[19]. The remaining volume of the hydrocarbon tails is

then VHC = Vlipid − VBB − VH .
The density of tricosene was measured with the DMA 5000 M Density Meter from An-
ton Paar, and from this the electron density could be calculated with the molar mass
and the number of electrons per molecule. This way the electron density is estimated to
be ρtric = 0.2759Å

−3
at 20 deg ◦C with a linear temperature dependency with a slope of

k = −0.000 225Å
−3

K−1.

Now the SLD is su�ciently de�ned with the �tting parameters C0, Rw and Vlipid, giving
ρ = {C0, Rw, Vlipid}. These are free parameters that will get optimized during �tting, the
lipid backbone width is set to 4.6Å, see section 2.2.2. All other parameters can be calculated
from the lipid contribution to the volume of the kth shell [7].

Vk =
Â(r2

k+1 − r2
k)

2
− ñkwVw (24)

With the number of water molecules in a shell ñkw and the molecular volume of water Vw =

30Å
3
. The mantle area of a sector with unity radius, Â = hα, can be calculated using

equation (24) with k = HC and ñkw = 0 as follows:

Â =
2(VHC + Vtric,HC)

a2

4
− C−2

0,HC

(25)

With R0 + dBB

2
= 1

C0,HC
, the width of the backbone slab dBB, the hydrocarbon chain vol-

ume VHC and the lattice constant a. Vtric,HC describes the volume per lipid which enters
the region of the hydrocarbon tails. The intrinsic curvature C0,HC here is measured at the
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hydrocarbon interface which is the plane between the lipid backbone and its chains. Since
it is arbitrary where to measure the curvature, it is utilized that the chain volume is known.
Equation (24) also de�nes the amount of water in the head and backbone regions, ñHw and
ñBBw . The di�erence here to [7] lies in the added tricosene volume in the hydrocarbon chain
region. This assumption helps to achieve better convergence and is backed up by an all-atom
molecular dynamics simulation [2], which will be discussed more detailed in the Results sec-
tion. Furthermore, from geometrical considerations, it follows that the added 12 w% of �ller
molecule generally does not �t into the volume between the rods, but is also incorporated
into the hydrocarbon region.

With Â it is possible to calculate the area per lipid at any position within the molecule, e.g.
at the neutral plane:

A0 = ÂR0 (26)

2.2.3. Tricosene penetrating into Hydrocarbon Tails

As mentioned above, this model accounts for excess �ller material, that means tricosene
which exceeds the space between the cylinders, penetrating into the hydrocarbon tails region.
The volume fraction between the lipid tubes follows from geometrical considerations, see the
regions shaded in gray in �gure 4.

Γ =
2
√

3− π
2
√

3− 4
a2
R2
wπ

(27)

For this consideration, the water core gets subtracted to really calculate the volume fraction
per lipid.
The 12 wt% of tricosene added to the sample can be converted to the volume fraction v as
follows [21].

v =
mtric/ρtric

mlip/ρlip +mtric/ρtric
(28)

With these two equations, it is possible to calculate the volume fraction of �ller molecule
exceeding the available space γ and therefore interdigitating into the hydrocarbon tails.

γ =

{
v − Γ , if v > Γ

0 , otherwise
(29)

Now that the volume fraction is known, it can be accounted for it in the electron density
pro�le. The outer half of the HC slab will be a weighted linear combination of the electron
density of the lipid tails and the one for tricosene with the guest concentration as weight.

2.2.4. Intrinsic Curvature of the Guest

As described in section 1.2, the curvatures of the host and guest lipid are added accounting
for the possibly di�erent head sizes. Due to the arbitrariness on where the intrinsic curvature
is measured, the following considerations are made easier by de�ning all areas and curvatures
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at the hydrocarbon interface and transforming the result to the neutral plane at the end.
This makes some calculations easier, because then only the hydrocarbon slab has to be
considered. Moving everything to the hydrocarbon interface transforms equation (9) into
the following.

C0,HC =
(1− x)Chost,HC + x ξ Cguest,HC

(1− x) + x ξ
(30)

With the total intrinsic curvature C0,HC , the curvature of the host lipid Chost,HC and the
curvature of the guest lipid Cguest,HC , all curvatures measured at the hydrocarbon interface,
the mol fraction of the guest lipid in the hex phase x and the head-ratio of the host and
guest lipid ξ.
The head-ratio is the ratio of the head widths (see �gure 9), here at the hydrocarbon interface.
The lipid head areas are the areas resulting from a cross section through the lipid, they are
considered to be quadratic.

ξ =
bguest
bhost

=

√
Aguest,HC
Ahost,HC

(31)

With Ai describing the hosts respectively guests head area measured along the hydrocarbon
interface.

It is assumed that the areas per lipid add up linearly:

AHC = (1− x)Ahost,HC + xAguest,HC (32)

Putting together equations (31), Aguest,HC = ξ2Ahost,HC from (32) and AHC = ÂRHC , see
(26), leads to the expression:

Â = −C0,HC(1− x+ ξ2x)Ahost,HC (33)

Setting equal equations (25) and (33) �nally gives a quadratic equation for the total intrinsic
curvature measured at the hydrocarbon interface C0,HC .

C2
0,HC + C0,HC

8VHC
a2Ahost,HC(1− x+ ξ2x)

− 4

a2
= 0 (34)

With its discriminant being:

δ =

(
8VHC

a2Ahost,HC(1− x+ ξ2x)

)2

− 16

a2
(35)

For physical values of the parameters only real solutions (δ > 0) for the curvature are
expected and since one of the requirements for this approach is that the total curvature still
has to be negative, only the negative solution is interesting.

C0,HC =
−4VHC

a2Ahost,HC(1− x+ ξ2x)
−
√
δ

2
(36)
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The total intrinsic curvature at the neutral plane is then C0 = −1
−1/C0,HC−dBB/2

. Then ev-
erything is known to calculate the intrinsic curvature of the guest lipid using equation (30),
with the known curvature of the host lipid C0,host. The curvatures in this last equation are
again at the neutral plane.

C0,guest =
C0(1− x+ xξ)− C0,host(1− x)

xξ
(37)

2.2.5. SLD for Lipid-Mixtures

For mixed lipid species the unit cell consists of a kind of hybrid lipid. That means that the
SLD is very similar as in the case for a single lipid. Only the electron densities for each
section nk, see �gure 17, are now a linear combination of the host and guest lipid densities
nk,host respectively nk,guest.

nk = (1− x)nk,host + xnk,guest (38)

This represents a simpli�cation compared to previous works [7, 8]. Again the electron densi-
ties are calculated from the number of electrons per volume, nk,host/guest = Nk,host/guest/Vk,host/guest,
with volumes for head and backbone for DPPC being VH,DPPC = 192Å and VBB,DPPC =
139Å [18].

2.3. Computational Application

The goal is to gather information about the system, most importantly here the intrinsic
curvature, by optimizing the parameterized model described above to the available SAXS
data. Bayesian statistics o�ers a mighty tool for such analysis and shall be discussed brie�y
before the used framework is described.

2.3.1. Markov Chain Monte Carlo

The term 'Markov Chain Monte Carlo' (MCMC) describes a variety of algorithms for sam-
pling from probability distributions. This is achieved by utilizing successive random events,
whereas each generated point depends on its predecessor. This dependency is what distin-
guishes MCMC from ordinary Monte Carlo methods and allows a wide variety of algorithms
where the only requirement is that the distribution the samples are generated from converges
to the target distribution [27].

The ensemble of all saved generated points, e.g. a series of random variables x0, ...xN , in
such an algorithm is called the Markov chain. The goal is to construct such a chain which
is, after enough time, of the desired stationary distribution π̃(x).

Metropolis-Hasting algorithm

Probably the most popular MCMC algorithm is the Metropolis-Hasting algorithm [11]. It
consists roughly of these steps:
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1. Start with an arbitrary initial state x = x0.

2. Propose a new random state x′. The proposal depends on the last state x.

3. Accept the new state if it ful�lls following acceptance criterion[27]:

A(x′, x) = min

(
1,
p(x′)pp(x|x′)
p(x)pp(x′|x)

)
(39)

4. If x′ is not accepted, the next step of the chain will again be x.

The steps 2 and 3 are repeated until the chain converges or a maximum number of Markov
steps is reached.
Here p(x) denotes the likelihood function, i.e. the probability of measuring the data with a
given parameter x. The variable pp(x′|x) stands for the proposal function which describes
the probability of proposing a state x′ given the state x.

This simple univariate example can easily be generalized to the multivariate model described
in section 2.2. The likelihood function is then de�ned as:

p(dl|x, σ̃l) =

Nq∏
l=1

1

σ̃l
√

2π
exp

[
− 1

2σ̃l
2 (I(ql|x)− dl)2

]
(40)

with the observed SAXS data dl, the weighted error σ̃l, the number of data points Nq, the
parameter set x and the model function I(ql|x).
The proposal function pp(xi|xj) describes the probability of proposing a multivariate param-
eter set depending on the state before and some prior knowledge of each parameter de�ning
its lower and upper boundaries.

2.3.2. Weighting of the error

To optimize the acceptance during �tting the error provided by the SAXS measurement gets
modi�ed with a simple multiplicative scaling factor and a weight. The multiplicative factor
is also optimized during the MCMC run.
The weight helps to emphasize the mid to high q-range more, otherwise the large peaks in
the beginning have too much impact due to their high value to error ratio, and follows this
function:

y = e−γ(q−q0) (41)

Where q denotes the modulus of the scattering vector, q0 its smallest value and γ an optimized
parameter. This exponential decrease is applied to the errors and in doing so increases the
signal to error ratio the more, the smaller it gets. The parts of the data with a high signal
to error ratio have more impact on the �t.
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2.3.3. With a little Help from my Python library � Pymc3

Although the general algorithm looks simple, the di�culty lies in the detail. It is not trivial
to choose the proposal function which is crucial for getting a well converging chain. Since
this is no work on theoretical computer science it is not necessary to implement an advanced
MCMC sampler and rather use one of the many, very powerful options available.

For the present work a python library called 'PyMC3' is used [25]. It can be installed using
the python package management and has a rather straight forward syntax.

2.3.4. Fitting Parameters

The possible �tting parameters for single as well as mixed lipid species are listed in this
section. All parameters are drawn from �at distributions with de�ned lower and upper
borders.

Single Lipid

The used �tting parameters for the single lipid case are shown in table 1, since the model is
similar to the one from [7] the used �tting parameters are almost the same. The di�erence
lies in the lamellar form factor. This work uses a monolayer form factor instead of one
describing a bilayer.

Table 1: Fitting parameters for single lipid �ts

Occurrence Symbol Description

Structure Factor ∆ Mean square displacement of the lattice points
n Number of hexagonal shells (lattice size)

HII form factor C0 Intrinsic curvature of the Lipid
V Lipid Volume
Rw Radius of the water core
σfluc Polydispersity of the unit cell

Mono-layer form factor cmono Scaling constant for the monolayer phase
Amono Area per lipid in the monolayer

Signal processing Γ Multiplicative scaling factor
Iadd Additive constant accounting background

Lipid Mixture

In table 2 the �tting parameters used for lipid mixtures are shown. They di�er from the
ones above by some details. The head slab is now used for both lipids at once where their
electron densities get linearly combined and the �tted head-ratio is used to calculate the
intrinsic curvature of the whole system using equation (36). The total curvature is then used
to calculate the curvature of the lipid of interest, see equation (37).
Lipid mixtures were mostly �tted using a joint analysis which will be described in the next
section. Some variables were optimized as joint variables, i.e. the same parameter is opti-
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mized for several data sets at once.

The exact guest lipid concentration x in the HII phase is unknown. It can vary due to
preparation errors or to the forming of monolayer respectively lamellar phases. To account
for this error during �tting, the concentrations are not added as regular �tting parameters but
still they are varied, drawing from a Gaussian distribution around the desired concentration
with a standard deviation of 10 %. This keeps the �t more �exible and helps to avoid local
minima.

Table 2: Fitting parameters for lipid mixtures
*Parameters �tted as joint variables. **If available, literature values are used.

Occurrence Symbol Description

Structure Factor ∆ Mean square displacement of the lattice points
n Number of hexagonal shells (lattice size)

HII form factor ∗ξ Head-ratio of the lipids head widths
Rw Radius of the water core
∗Vg Lipid Volume of the guest lipid
σfluc Polydispersity of the unit cell

Lamellar form factors cmono Scaling constant for the monolayer phase
cbi Scaling constant for the lamellar phase
∗∗Abi Area per lipid in the bilayer

Signal processing Γ Multiplicative scaling factor
Iadd Additive constant accounting background

2.4. Fitting multiple data sets � Joint Analysis

If data for several concentrations is available it can be interesting to compare results for all
data sets and see if they meet expectations. Since some parameters, like the volume or the
head-ratio, are supposed to be consistent for all concentrations it is even more handy to be
able to use multiple data sets to optimize these variables. Commonly optimized variables
like that, where the same variable is used for di�erent concentrations, will be called common
variables whereas variables that are uniquely �tted for each di�erent concentration will be
called unique variables.
In this joint analysis the model is optimized to several data sets of di�erent concentrations
at once. The common parameters bene�t from the additional information and while possibly
the errors increase, they are better de�ned because more information was used for the �t.
Other parameters like the scaling factors could be di�erent for each concentration and there-
fore need to be �tted as unique parameters. This is increasing the number of parameters for
the joint analysis.

One of the bene�ts of the joint analysis is that by doing just one MCMC run all the infor-
mation over di�erent concentrations is available. The quality of the result is immediately

22



2. Methods � From Lipid Dust to Curvature

visible when comparing the di�erent results for the intrinsic curvature arising from unique
variables.
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3. Results

In this section the results of the global x-ray scattering analysis are shown. The following is
the product of a Markov-Chain Monte Carlo �t algorithm applied to the SAXS data.

3.1. DOPE � Host for most Bilayer Lipids

DOPE will be used as the main host to measure other bilayer forming lipids. Those lipids
are mixed into the hexagonal phase and their in�uence on the system is utilized to evaluate
their intrinsic curvature. Although the model works best for matching chain lengths, DOPE
is used for a variety of lipids with di�erent lengths. For one lipid, DMPC that is, there is
also a di�erent host lipid with matching chain length used. In �gure 18 the results for pure
DOPE at 35 ◦C are shown.
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Figure 18: Results of the global model for pure DOPE at 35 ◦C. This lipid is later used as host
lipid for binary mixtures with bilayer forming lipids. The intrinsic curvature of this guest lipids can
be evaluated from their in�uence on the host system.

One thing which is speci�c for DOPE is that the fourth peak, the one with miller index
(2,1), is vanishing in the data. This was a discrepancy in the results of [7] where this peak
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was present in the model. By substituting the bilayer with a monolayer form factor and
emphasizing the higher q-range, see section 2.3.2, a better agreement around this peak is
achieved. The model coincides slightly worse between the �rst two peaks but parameters
like the head area are closer to expectations which supported the decision.
The SLD arising from �tting this data is shown in �gure 18c. It is mainly de�ned by the in-
trinsic curvature, the radius of the water core, the width of the backbone, the lattice constant
and the volumes, respectively the electron densities of each slab. The small kink at around
r = 32.5Å results from the excess �ller molecule which is interdigitating into the lipid chains.

In �gure 19 the parts which make up the models' intensity, i.e. the form factor of the
cylinders, the form factor of the monolayer phase which accounts for the di�use scattering
signal and the structure factor, are plotted individually. The fact that the fourth peak of the
structure factor aligns exactly with the second minimum of the monolayer form factor, thus
eliminating the peak, is very encouraging and supports the change in the di�use scattering
calculation. In the next section, the cylinder form factor will be compared to one generated
via a Molecular Dynamics simulation.

0.1 0.2 0.3 0.4 0.5
q / Å 1

10 9

10 8

10 7

10 6

10 5

10 4

10 3

10 2

10 1

100

101

102

I/
a.

u.

fitted
form factor
structure factor
monolayer form factor
data

Figure 19: Di�erent parts of the model plotted individually.

The complete results of the global analysis of pure DOPE data at di�erent temperatures is
stored in table 3, future tables with results of single lipid �ts will only contain the most rele-
vant parameters. Despite some concepts have changed and the model was re-parameterized,
the results are generally in very good agreement with the ones presented by M. Frewein [7]
which are shown in the last column. The �t quality was improved and the �t itself is more
stable now which will be more obvious when lipid mixtures are analyzed.

The lattice constant a is calculated from the signals Bragg peak positions. Its main source
for the error is the determination of these positions, so to account for deviations there,
the process is repeated 10 times and the standard deviation over all calculations is used.
Variables like the width of the lipid head slab dh and the area per lipid at the neutral
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plane A0 are calculated from �t parameters, their errors are the standard deviations of their
distributions.

Table 3: Results for pure DOPE at di�erent temperatures. Variables above the dashed line are
the lattice constant a which is calculated from Bragg peak positions, the width of the lipid head dh
(without backbone) and the area per lipid measured at the neutral plane A0. The variables below
the dashed line are �tting parameters, see table 1, with the mean as value and standard deviation
as error.

Symbol T = 25 ◦C T = 35 ◦C T = 50 ◦C
T = 25/35/50 ◦C
results from [7]

a / Å 79.8 ± 0.5 77.1 ± 0.5 73.6 ± 0.5 80.4/76.9/73.5
dh / Å 3.2 ± 0.8 3.7 ± 1.1 3.0 ± 0.7 4.8/5.2/5.1
A0 / Å

2
58 ± 3 59 ± 3 63 ± 3 -/62/-

∆ 11 ± 2 9 ± 2 9 ± 2 2.9/3.3/6.7
n 17 ± 2 18 ± 3 27.8 ± 1.6 18/23/29

C0 / Å
−1 −0.039± 0.001 −0.041± 0.001 −0.043± 0.001 -0.039/-0.041/-0.043

V / Å
3

1152 ± 11 1154 ± 17 1166 ± 16 1141/1142/1152
Rw / Å 19.9 ± 0.6 18.3 ± 0.9 17.8 ± 0.7
σfluc 0.159± 0.008 0.153± 0.018 0.166± 0.014 0.163/0.163/0.176
cmono 3.4 ± 0.4 2.9 ± 0.4 3.9 ± 0.5

Amono / Å
2

77 ± 6 63 ± 5 88 ± 6 61.1/64.9/65.4
Γ 3.8 ± 0.4 3.4 ± 0.6 8.8 ± 1.2 8.18/9.65/7.13

Iadd / a.u. 0.156± 0.004 0.148± 0.005 0.14 ± 0.01 0.133/0.132/0.135

The result of the MD simulation for the area per lipid at the neutral plane is A0,sim = 54Å
2
,

which within the error is in good agreement with the results found in the present work.

For measurements at temperatures other than the ones shown in this table, a linear in-
terpolation is used, see �gure 20. All presented variables show a good linear temperature
dependency which is a nice indicator for the reliability of the results.
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Figure 20: Linear interpolation for some DOPE results over temperature.

3.1.1. Comparison to Simulations

In this section the DOPE �t results at 35 ◦C are compared to the MD simulation provided
by Douwe Jan Bonthuis [2]. In �gure 21 the electron density coming from the �t is compared
to the one arising from the simulation.
For an easier comparison, the step-function-like �t result is convoluted with a Gaussian func-
tion with σ = 20Å. This rather large standard deviation suggests that the radial resolution
is bad, nevertheless the smeared out electron density distribution is in a nearly perfect agree-
ment with the one from the simulation. This indicates, that the applied polydispersity of
the slabs mimics a real smooth electron density very well. On the one hand the standard
deviation σ = σfluc ·a used to apply the polydispersity converges to 12Å which is lower than
the 20Å used for this comparison, on the other hand the radial position of the main peak
is almost identical to the simulation and the standard deviation used for the convolution is
not directly connected to the applied polydispersity.

28



3. Results

15 20 25 30 35 40 45
r / Å

0.05

0.00

0.05

0.10

0.15

0.20

n
/Å

3

electron density from simulation
electron density from model
electron density convoluted with Gaussian

Figure 21: Electron density of DOPE at 35 ◦C compared to the simulation.

To increase the performance of the calculation, a di�erent way of applying the polydispersity
was tried. By simply multiplying a Gaussian function with the form factor, which should
be analogous to the convolution of the electron density, the time needed for the calculation
could be cut by magnitudes. While the performance increase is a bene�t, this approach did
deliver a worse agreement to the simulations. Also, the �t quality was decreased, so it seems
not to be equivalent to (16) and therefore was rejected.

In �gure 22 the form factor is compared to the simulation. The intensity of the shown curves
is arbitrary, therefore they're scaled in a way that they align at their highest intensities. It
looks like the polydispersity of the lipid unit cell shifts the minima slightly towards lower
q values and doing so increasing the agreement with the simulation. Another thing that
changes with polydispersity is the slope of the form factor which is very much-needed to
resemble the data well in the high q-range. It was also possible to get rid of the additional
minimum of the form factor, described in the beginning of this thesis, by applying the
polydispersity also to the �ller molecule slab. This was avoided in the work by M. Frewein
due to its computational load.
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Figure 22: Form factor of DOPE at 35 ◦C Fglobal compared to the simulationFsim.

To have another comparison to the simulated form factor, it is used to calculate the intensity
by replacing the form factor from the global model there. In �gure 23 this comparison is
shown. The dashed black line shows the plain convolution of the form factor of the simulation
Fsim with our structure factor, while the red line also includes the terms accounting for
di�use scattering. The parameters from table 3 at 35 ◦C were used. As it can be seen, also
the simulated form factor cancels out the (2,1) peak and overall coincides well with the data.
A certain deviation, as between the �rst two peaks, is to be expected because the model was
not optimized for Fsim.
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Figure 23: Replacing the form factor in the global model by the one resulting from the simulation.
Iglobal arises from the regular global model, Isim,plain = S · |Fsim|2 is the plain convolution of the
structure factor from the global model with the form factor from the simulation and Isim also
includes the di�use scattering.
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3.1.2. Neutral Buoyancy � Successfully Failed Lipid Volume Veri�cation

Neutral buoyancy occurs when the density of an object immersed in a �uid fully matches
the �uids density and therefore balances the buoyant force and the force of gravity. In that
state the object will �oat where it is, neither going up nor down.
This state of neutral buoyancy can be exploited to measure the speci�c lipid volume [29]
and was previously performed for lipids in lamellar phases [10]. The method was considered
to verify the lipid volume result of DOPE of the MCMC calculation. DOPE assembles HII

structures when in contact with water at room temperature for which no buoyancy data is
available. In order for it to work, the specimen has to be heavier than regular water so it is
possible to gradually increase the density of water, by deuterating it, and subsequently get
to the neutral buoyancy state.

Equation (42) describes the composition of the considered densities for the solvent ρsolv and
the lipid ρlipid, xi stands for the weight percentages of the ith part and ρi for its density.
The density of DOPE is calculated using the volume from the �t results and its published
molecular weight of 743.547 g/mol [20].

1

ρsolv
=

1− xD2O

ρH2O

+
xD2O

ρD2O

!
=

1− xtric
ρlipid

+
xtric
ρtric

=
1

ρlip+tric
(42)

By balancing the left and right side, thereby ful�lling the requirement for neutral buoyancy,
the needed amount of deuteration can be roughly estimated.

The experiment then involves going from a state where the specimen sinks to a �oating
one by deuterating the solvent. From the volume data provided by MCMC �ts this seemed
possible but in practice the lipid sample immersed in water was swimming in pure H2O.
This implies that the volume retrieved by �tting is too low. For our lipid specimen to swim
a volume of at least 1203Å

3
is required.

In this consideration the hexagonal structure was completely ignored. Furthermore, a liquid
changes its properties when in a nanometer-scale con�nement. According to [15] the density
of water con�ned in a tube with a diameter of 3.6 nm, which is the diameter of the water
core for DOPE at 35 ◦C, is smaller with a factor of 0.83 compared to bulk water. Taking into
account the hexagonal structure and the con�nement of water decreases the density used for
ρlipid in (42). With this decreased density our DOPE sample is actually expected to swim
in regular water, which is what we have observed.

Although it was not possible to conduct this experiment and use it to measure the lipid
volume, the considerations made do actually con�rm the volume result acquired for DOPE.
While it was not possible to measure the volume of DOPE in the HII phase, a lower boundary
for the volume can be estimated to be around 1120Å at 35◦C, where our result is comfortably
above as shown in table 3. If the volume were less than this boundary, the specimen would
not swim.
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3.2. 16:1PE � Host for DMPC

As mentioned earlier, DOPE will be mainly used as host, although the chain lengths may not
match. DOPE has an 18:1 chain con�guration, that means that it is considered compatible
to saturated chains which are 16 carbon atoms long. The 1 behind the colon indicates that
the chain has one double bond. For each degree of unsaturation it is assumed that the chain
looses 2 C-atoms in length. The model does not account for di�erent chain lengths, and the
interactions at the lipid ends arising from it, in any way which could be a problem. There-
fore, a shorter lipid, namely 16:1PE, is used as a host lipid for the chain length matching
DMPC (14:0 chains) to compare the results with the ones where DOPE is used as the host.

In �gure 24 the pure 16:1PE data is shown and in table 4 the results of the �t are stored.
Between the �rst two peaks, an unexpected shoulder is visible. When compared to the
data published by M. Frewein [7], it stands out that the lattice constant is lower while the
curvature is higher. The �rst one being smaller indicates a problem with the �ller molecule,
the latter is an expected consequence of a smaller lattice constant. Either there was an error
preparing the sample or the used tricosene was oxidized. Since a smaller lattice constant can
be connected to stress in the HII phase, the data for 16:1PE shown here is probably biased
because of this stress.
Nevertheless, the data will still be accepted and used as host for DMPC because these two
lipids have matching chain lengths and the 16:1PE-DMPC sample, which will be analyzed
later, was prepared with the same �ller molecule problem as its host.

Table 4: Results for 16:1PE at 35 ◦C. Variables above the dashed line are the lattice constant a,
the width of the lipid head dh and the area per lipid at the neutral plane A0. Below the dashed
line, some �tting parameters are shown, a complete list can be found in the appendix. Means as
values and standard deviation as errors.

Symbol T = 35 ◦C
T = 35 ◦C

Results from [7]

a / Å 74.0 ± 0.5 78.8 ± 0.2
dh / Å 3.6 ± 1.1 4.5 ± 1.7

A0 / Å
2

63 ± 4 60 ± 7

C0 / Å
−1 −0.041± 0.001 −0.038± 0.001

V / Å
3

1064 ± 12 1042 ± 8
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Figure 24: Pure 16:1PE at 35 ◦C. Due to its matching chain con�guration it will be used as host
lipid for DMPC.
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3.3. Phosphocholines

This work focuses on bilayer forming lipids with phosphocholine as their heads. In this
section the results of these lipids shall be discussed.

3.3.1. DPhPC � 1,2-diphytanoyl-sn-glycero-3-phosphocholine

DPhPC is special in the sense that it incorporates very well into the HII phase and thus
allows high guest lipid concentrations. The original plan was therefore to use the DPhPC
data to compare the global method with a previous approach, that neither includes di�use
scattering nor non-linear headgroup e�ects, to visualize their di�erences. The di�erences
turn out to be surprisingly small and are discussed after the �t results are shown.

Figure 25 shows the results of the joint analysis of DOPE with 20 mol% and 40 mol% of
DPhPC. This means that both data sets are used simultaneously to optimize the model,
with volume and head-ratio as common variables, see section 2.4.
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Figure 25: SAXS data and �t results for DOPE mixed with DPhPC at 35 ◦C for di�erent guest
lipid concentrations

In �gure 26 the intrinsic curvature distributions are shown. The result for 10 mol%, acquired
in a regular �t of just this one data set, is plotted alongside the result of a joint analysis of
the 20 mol% and 40 mol% data sets. All the given curvature results are coinciding very well.
In table 5 these results are stored. It looks like the joint analysis shows lower errors on
the otherwise very similar results. This can also be related to the di�erent data sets used.
The main point of this comparison is to verify that results for di�erent amounts of added
guest lipid do agree with each other because if that is the case, a single measurement at one
concentration is enough to measure the intrinsic curvature of the guest lipid.
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Table 5: Results for a DOPE�DPhPC sample from a joint analysis and a single data set �t. The
shown variables are the lattice constant a, the head-ratio ξ, the width of the lipid head dh, the guest
intrinsic curvature C0,DPhPC , the guest lipid volume VDPhPC and the area per lipid at the neutral
plane in the bilayer Abi. The given percentages for some variables denote the amount of guest lipid.
Values above the dashed line are calculated from �t parameter distributions. Means as values and
standard deviation as errors.
∗ This variable is not �tted, a literature value from [18] is used

Symbol
T = 35 ◦C T = 35 ◦C

Joint analysis Single data set

a10mol% / Å 78.9 ± 0.5
a20mol% / Å 81.9 ± 0.5
a40mol% / Å 89.2 ± 0.5
dh / Å 4.7 ± 0.5 5.7 ± 0.8

C0,DPhPC / Å
−1 −0.0205± 0.0014 −0.020 ± 0.002

ξ 1.38 ± 0.04 1.69 ± 0.19

VDPhPC / Å
3

1365 ± 11 1350 ± 30
∗Abi / Å

2
81.35 81.35
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(a) Joint analysis of 20 and 40 mol%
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Figure 26: Histograms of the intrinsic curvature results for DPhPC resulting from �t at 35 ◦C. On
the right, the trace of all accepted Monte-Carlo steps is shown.

Comparing to a non-global �tting Method

In �gure 27 the linear extrapolation method introduced by B. Kollmitzer [16], see sec-
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tion 1.5, is applied on DPhPC data at 35 ◦C and shown alongside the results of the global
�tting method described in this thesis. The linear approach yields an intrinsic curvature of
Ĉ0,dphpc = (−0.020± 0.003)Å

−1
. The hat denotes that it is the result from the extrapolation.

Global �tting leads to an intrinsic curvature of DPhPC of C0,dphpc = (−0.0205± 0.0014)Å
−1
.

This is interestingly close to the result from the linear extrapolation. The deviation of the red
curve in �gure 27, which is equation (9) with the result of the global �t, from the curvatures
calculated with Bragg peak positions arises from the non-linear headgroup interaction, for
which the global model accounts, furthermore it is accounted for di�use scattering. Because
of the head-ratio being greater than one, ξ = 1.38± 0.04 in this case, the read curve is
indeed not straight but bending down.
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Figure 27: Linear extrapolation of the total intrinsic curvatures C0 of mixtures of DOPE and
DPhPC at di�erent concentrations of the guest lipid xdphpc at 35 ◦C. Every point (black colored)
results from the Bragg peaks at its concentration. The resulting intrinsic curvature of DPHPC at
35 ◦C is Ĉ0,dphpc = (−0.020± 0.003)Å−1. The red dashed line results from (9) and represents the
global �tting result which is C0,dphpc = (−0.0205± 0.0014)Å−1.

The technique described in this work was expected to show lower values for the intrinsic
curvature, due to the non-linear headgroup interactions, than yielded by linear extrapolation
(black dashed line). Instead those two results turn out strikingly similar.
The bene�ts of the global �t are that for one the error is smaller and also only one measure-
ment at one concentration is generally enough to evaluate the curvature. However, this is a
special case. It is not possible for every lipid to mix that well into the HII phase. The error
of the linear extrapolation is therefore generally even higher than shown here.

3.3.2. DPPC � 1,2-dipalmitoyl-sn-glycero-3-phosphocholine

In �gure 28 respectively table 6 the results for DPPC are shown. As expected, due to the
fact that the 18:1 chain of DPPC matches in length to DOPE, the �t looks good and the
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outcome is quite reasonable. Again, a joint analysis is used where all used data sets, 5 mol%,
10 mol% and 15 mol%, are �tted at the same time.
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(a) SAXS data and �t of the 10 mol% data.
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Figure 28: DOPE with DPPC at 35 ◦C.
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Table 6: Results for a DOPE�DPPC sample at di�erent temperatures. The shown variables are
the lattice constant a, the head-ratio ξ, the width of the lipid head dh, the guest intrinsic curvature
C0,DPPC , the guest lipid volume VDPPC and the area per lipid at the neutral plane in the bilayer
Abi. The given percentages for some variables denote the amount of guest lipid. Values above the
dashed line are calculated from �t parameter distributions. Means as values and standard deviation
as errors.
∗ This variable is not �tted, a literature value from [18] is used

Symbol T = 25 ◦C T = 35 ◦C T = 50 ◦C

a5mol% / Å 83.1 ± 0.5 80.6 ± 0.5 76.7 ± 0.5
a10mol% / Å 87.1 ± 0.5 83.5 ± 0.5 79.4 ± 0.5
a15mol% / Å 93.3 ± 0.5 89.1 ± 0.5 83.9 ± 0.5
dh / Å 4.2 ± 0.6 3.8 ± 0.6 4.0 ± 0.5

C0,DPPC / Å
−1

0.004± 0.005 0.005± 0.005 0.003± 0.005
ξ 1.27 ± 0.08 1.12 ± 0.07 1.05 ± 0.07

VDPPC / Å
3

1148 ± 12 1158 ± 8 1166 ± 10
∗Abi / Å

2
58.35 60.25 63.1

Comparing to a non-global �tting Method

Similar to what was done with DPhPC, also here we want to compare the global �t result
to the approach described by B. Kollmitzer, see section 1.5.
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Figure 29: Comparison of joint analysis result C0,DPPC and linear extrapolation of the total
curvatures for each concentration at 35 ◦C.

Interestingly again, the curvature of the guest lipid, here DPPC, coming from the linear
extrapolation, is almost the same as our result from the global model. As already mentioned,
the global model has the advantage of less error and the data of one concentration is su�cient.
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3.3.3. DOPC � 1,2-dioleoyl-sn-glycero-3-phosphocholine

Due to the fact that DOPC has the same chain con�guration as the used host, DOPE, it
is expected to work best with the model. The data is �tted using a joint analysis of 3 data
sets with 5, 10 and 15 mol%. In �gure 30 the �t result is compared to the 10 mol% SAXS
data. Besides the very low q-range and the double-peak at around 0.3Å, which are never
ideal, the �t result describes the data very well.
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Figure 30: DOPE mixed with 10 mol% of DOPC at 35 ◦C

Only some parameters optimized during a joint analysis are commonly used over di�erent
data sets, for most of them there is a distinct parameter for every set. These distinct
parameters are the source for a possibly distinct curvature result for each of the di�erent
concentrations. This can be used to investigate the quality of the result. Ideally the curvature
distributions resulting from di�erent amounts of guest lipid are the same or at least similar.
In �gure 31 the distinct distributions of each used data set at di�erent temperatures are
compared. This is an example for a satisfying outcome, all results for all temperatures
and all concentrations give a consensual result. Only the 5 mol% data at 25 ◦C is a bit too
negative but still within the error. For 50 ◦C the intrinsic curvature result is slightly more
negative which conforms to expectations.
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Figure 31: Curvature distributions for DOPC

In table 7 the results for DOPC are shown. Again it is no complete list of all �tting pa-
rameters, since for all three concentration combined there are already 30 variables, but the
most relevant ones are there. The head-ratio, the lipid volume for DOPC and the area per
lipid in the lamellar phase are all commonly used for all concentrations. The latter one is
also applied for the monolayer phase. For some variables there is a percentage information
added as subscript, these are the formally mentioned distinct variables which are di�erent
for each guest concentration.
In order to get a single result for the curvature CDOPC and the width of the lipid head dh,
they are calculated at every single MCMC-step available throughout all concentrations and
then the mean values and standard deviations are evaluated. All shown results, despite the
lattice constant, are the product of a joint analysis of data for 5, 10 and 15 mol% of guest
lipid.
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Table 7: Results for a DOPE�DOPC sample at di�erent temperatures. The shown variables are
the lattice constant a, the head-ratio ξ, the width of the lipid head dh, the guest intrinsic curvature
C0,DOPC , the guest lipid volume VDOPC and the area per lipid at the neutral plane in the bilayer
Abi. The given percentages for some variables denote the amount of guest lipid. Values above the
dashed line are calculated from �t parameter distributions. Means as values and standard deviation
as errors.

Symbol T = 25 ◦C T = 35 ◦C T = 50 ◦C

a5mol% / Å 82.0 ± 0.5 79.6 ± 0.5 75.8 ± 0.5
a10mol% / Å 85.5 ± 0.5 82.7 ± 0.5 78.1 ± 0.5
a15mol% / Å 88.1 ± 0.5 85.2 ± 0.5 80.8 ± 0.5
dh / Å 4.9 ± 0.5 3.3 ± 0.6 4.5 ± 0.6

C0,DOPC / Å
−1 −0.007± 0.003 −0.004± 0.004 −0.009± 0.003

ξ 1.44 ± 0.06 1.13 ± 0.08 1.22 ± 0.07

VDOPC / Å
3

1237 ± 9 1243 ± 12 1222 ± 10

Abi / Å
2

68.8 ± 1.1 66.0 ± 1.3 66.8 ± 1.3

Looking at this result, it seems that DOPC has a similar temperature dependency as DOPE,
although more subtle. The excellent �t results shown before and the good convergence of
the �t, which gets explained in a bit, is in favor of the given values.

In �gure 32 the marginal distribution of some �tting parameters are shown. They are a great
tool to validate the quality of the �t. The 1-D distributions should all converge to a Gaussian
function if the �t worked well, also then the errors can be estimated as the standard deviation
of the distributions. The 2-D distributions give further insight into the �t result, foremost
they have information about correlations between parameters which means over�tting could
be exposed.
Said all that, the result for DOPC looks very promising. All parameters are converging well
and no correlations are visible.

41



3. Results

20.0 20.5 21.0 21.5 22.0 22.5 23.0

r_waterCore

0 2000 4000 6000 8000 10000 12000 14000 16000
20.0

22.5

8 10 12 14 16 18 20

Lattice_size

0 2000 4000 6000 8000 10000 12000 14000 16000
10

20

0.13 0.14 0.15 0.16 0.17

Polydispersity

0 2000 4000 6000 8000 10000 12000 14000 16000
0.125
0.150
0.175

1200 1220 1240 1260 1280 1300

Lipid_Volume_guest

0 2000 4000 6000 8000 10000 12000 14000 16000
1200

1300

0.9 1.0 1.1 1.2 1.3 1.4

headratio

0 2000 4000 6000 8000 10000 12000 14000 16000
1.00
1.25

62 64 66 68 70 72

Head_Area_lam_guest

0 2000 4000 6000 8000 10000 12000 14000 16000

65
70

(a) Marginal distributions of some �t parameters

10

15

20

La
tt

ic
e_

si
ze

1

0.14

0.16

Po
ly

di
sp

er
si

ty
1

1200

1250

1300

Li
pi

d_
Vo

lu
m

e_
gu

es
t

1.0

1.2

1.4

he
ad

ra
tio

20 22
r_waterCore1

65

70

H
ea

d_
Ar

ea
_l

am
_g

ue
st

10 15 20
Lattice_size1

0.14 0.16
Polydispersity1

1200 1250 1300
Lipid_Volume_guest

1.0 1.2 1.4
headratio

(b) Two dimensional marginal distributions of some �t parameters

Figure 32: Histograms over the MCMC-steps of an abstract of the �tting parameters for DOPE
mixed with 10 mol% DOPC at 35 ◦C
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3.3.4. DMPC � 1,2-dimyristoyl-sn-glycero-3-phosphocholine

DMPC has a 14:0 chain con�guration on both chains, meaning that its chains are built up
of 14 C-atoms without any double bonds. The absence of double bonds makes the chains
saturated. It is assumed that the kink of the chain introduced by a double bond between
C-atoms, which is present in unsaturated chains, shortens the chain length a bit. So the
chain con�guration 16:1 has about the same length as 14:0 and so on. DOPE, which has
two 18:1 chains, is therefore longer than DMPC, whereas 16:1PE, the name already implies
16:1 chains, is a good match. DMPC was measured with both lipids, DOPE and 16:1PE, as
hosts to investigate the impact of di�erent chain lengths on the model.

table 8 respectively �gure 33 the results with the two di�erent hosts are compared. The
resulting curvatures are pretty much the same but keep in mind that the 16:1PE-DMPC
data probably has an issue with its �ller molecule, therefore the smaller lattice constant,
also the agreement between the two concentrations is worse for this specimen. Some values
in the table have percent information added as subscript because they are di�erent for various
guest lipid concentrations.
When looking at the curvature distributions it is visible that the ones with DOPE as host do
agree better with each other, as seen in �gure 33b, which makes this result more favorable
over the one shown in �gure 33a, regardless of the possible corruption of the latter sample.
The fact that the result with DOPE as host seems more reliable is unexpected due to the
chain length mismatch. But still, the di�erences between the results are small which is an
indicator that the model is su�cient to use with phosphocholines even though the chain
lengths do not match. Probably the impact is small here because PEs and PCs have a
similar volume. Of course this could be di�erent for other lipids such as ceramides.

Table 8: Results for DMPC with two di�erent host lipids at 35 ◦C. The shown variables are the
lattice constant a, the head-ratio ξ, the width of the lipid head dh, the guest intrinsic curvature
C0,DMPC and the guest lipid volume VDMPC . The given percentages for some variables denote the
amount of guest lipid. Values above the dashed line are calculated from �t parameter distributions.
Means as values and standard deviation as errors.

Symbol 16:1PE � DMPC DOPE � DMPC

a7.5mol% / Å 79.5 ± 0.5 83.3 ± 0.5
a10mol% / Å 84.2 ± 0.5 85.0 ± 0.5
dh / Å 4.3 ± 0.9 4.8 ± 0.6

C0,DMPC / Å
−1

0.006± 0.005 0.006± 0.004
ξ 1.74 ± 0.14 1.47 ± 0.13

VDMPC / Å
3

1067 ± 10 1089 ± 11
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Figure 33: Resulting curvature distributions for DMPC with two di�erent host lipids at 35 ◦C

In �gure 34 the �t results are plotted alongside the SAXS data for both hosts to compare
the overall agreement of both �ts. There is hardly any di�erence in �t quality but the
DOPE-DMPC SAXS-data looks a bit better, especially in the mid to high q-range. So in
the end the DOPE-DMPC result is preferred over the one with 16:1PE but the di�erence is
not signi�cant. Perhaps the data quality was what tipped the scales here.
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Figure 34: Fit result for DMPC with two di�erent host lipids at 35 ◦C

3.3.5. Conclusion on PC results

To conclude on the results the model produced for phosphocholines, the intrinsic curvatures
and volumes for several di�erent data sets are shown in �gure 35. The x-axis in these plots
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describes the number of C-atoms per lipid chain. POPC has one chain with 16 C-atoms
and one with 18, which gives on average 17.5 atoms. The black dotted line represents a
regression line of the saturated lipid results. DSPC was omitted for this linear regression
because it was not measured at 35 degrees.
For both variables, intrinsic curvature and volume, the saturated lipids follow a linear trend
depending on the number of C-atoms. DPhPC, with its additional CH3 groups, meets the
expectations by having a larger volume and a more negative curvature than saturated lipids
at this chain length. Also the mono- and di-monounsaturated lipids, POPC and DOPC,
show a trend in the expected directions by having a slightly lesser intrinsic curvature and a
bit higher volume.
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Figure 35: Comparison of results for di�erent phosphocholines measured at 35 ◦C. (1) DSPC was
measured at 30 ◦C. (2) DPhPC has additional CH3 groups attached to its chains giving it more
volume there which results in a more negative curvature.

The curvature follows a linear trend in respect of the number of C-atoms nC

C0(nC) = −1.592 · 10−3
[
Å
−1
]
nC + 0.02991

[
Å
−1
]

and the result for the linear regression for volume is:

V (nC) = 28.65
[
Å

3
]
nC + 694.1

[
Å

3
]

For some lipids the temperature behavior of the intrinsic curvature is shown in �gure 36.
Within the errors all shown lipids seem to have a constant curvature with changing temper-
ature.
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Figure 36: Summary of the temperature dependency of the intrinsic curvature results for some
PCs
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4. Discussion

Even if the sample preparation process (RSE) seems to work very well for producing HII

aggregates, there is some �uctuation in the aggregate dimensions.
A well studied and very decisive parameter is the amount of �ller molecule added to the
specimen [7, 21, 1, 28]. With increasing amount of this �ller molecule the aggregates grow
until they deviate from pure hexagonal structures [24]. Reproducibility of the lattice con-
stant, which is basically the cylinder size of the rods, is not fully given. Oxidation of the �ller
molecule and deviations during the sample preparation lead to �uctuations of this variable.
The outcome of the model for mixed lipid species crucially depends on the consistency of
the lattice constant, therefore it is suggested to prepare a pure lipid sample every time it is
used as host for a mixture. That way the host and mixed samples are prepared during the
same process.

The presence of di�use scattering de�nitely indicates another scattering source in addition
to the hexagonal structure. Some problems arising from that are still to be solved. While the
signal for lipid mixtures is very well described by the model, the low q-range for single lipid
species shows signi�cant deviations. Replacing the bilayer term here with one describing
a monolayer did improve the �t quality and a monolayer is easier to argue for but still
something is missing to fully describe the SAXS signal.
For mixed lipid species, the combination of mono-, bilayer and hexagonal form factors is
doing a very good job in recreating the data. The amount of guest lipids incorporated in
the HII phase plays an important role in determining the intrinsic curvature. Since the exact
distribution of the lipids, host and guest, between the HII, mono-, and bilayer phases remains
unknown the incorporated guest lipid concentration also stays in the dark. In contrast to
former works using MCMC algorithms [8], some �exibility on the guest concentration is
added by allowing to sample this parameter from a Gaussian distribution around the as-
sumed value. This helps to compensate for concentration �uctuations and helps to remove
discrepancies between results of data sets with di�erent guest lipid amounts.

The model relies on a certain degree of similarity between the host and guest lipid. For one it
does not account for di�erences in chain length which seemed to be �ne for phosphocholines
but de�nitely needs more investigation. Another thing is that the model works well for lipids
with structurally similar heads, such as PE and PC, but complications can be expected with
lipids where the head di�ers greatly from PE due to the simpli�cations made. The used
head slab in lipid mixtures is just a linear combination of the host and guest instead of a
more complex structure as in [8] where the head slab for mixtures is more �nely divided.
With lipids such as ceramides, a certain specialization of the model is probably still required.

Previously published results obtained by linear extrapolation [16] show a signi�cant temper-
ature dependence for partially unsaturated lipids such as POPC and DOPC. This couldn't
be reproduced in this work. Further temperature investigations, which take into account
the dependence on the consistency of the lattice constant mentioned at the beginning, are
strongly recommended.
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Conclusion and Outlook

The task of enhancing the technique to evaluate SAXS data of lipids in the HII phase was per-
formed and the procedure could be improved. The method was veri�ed by an all-atom MD
simulation for single lipid species and successfully applied to a variety of phosphocholines.

For mixed lipid species the model seems to be restricted to guest lipids with similar head
structures. Chain length di�erences appeared to not have a large impact on the result but
need more investigation. Next steps should include the application on more diverse lipids
such as ceramides where probably some specialization of the model is required. To overcome
di�culties in modeling more diverse guest lipids the procedure could be combined with MD
simulations.
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A. Complete result set DOPC

The complete result set of a joint analysis of DOPE mixed with DOPC at di�erent temper-
atures is stored in table 9.
Table 9: Full results table for DOPE�DOPC data. The variables with mol% in their subscript are
unique variables which means there is one for each concentration. Variables without that subscript
are common variables, so they are evaluated using a combination of all data sets at this temperature.

Symbol T = 25 ◦C T = 35 ◦C T = 50 ◦C

a5mol% / Å 82.0 ± 0.5 79.6 ± 0.5 75.8 ± 0.5
a10mol% / Å 85.5 ± 0.5 82.7 ± 0.5 78.1 ± 0.5
a15mol% / Å 88.1 ± 0.5 85.2 ± 0.5 80.8 ± 0.5
dh / Å 4.9 ± 0.5 3.3 ± 0.6 4.5 ± 0.6

C0,DOPC / Å
−1 −0.007± 0.003 −0.004± 0.004 −0.009± 0.003

ξ 1.44 ± 0.06 1.13 ± 0.08 1.22 ± 0.07

VDOPC / Å
3

1237 ± 9 1243 ± 12 1222 ± 10

Abi / Å
2

68.8 ± 1.1 66.0 ± 1.3 66.8 ± 1.3
x5mol% / mol% 5.1 ± 0.5 5.0 ± 0.5 5.0 ± 0.5
x10mol% / mol% 10.4 ± 0.9 9.8 ± 1.0 10.0 ± 1.0
x15mol% / mol% 14.1 ± 1.5 15.1 ± 1.5 14.6 ± 1.5
σfluc,5mol% 0.157± 0.009 0.153± 0.008 0.158± 0.007
σfluc,10mol% 0.147± 0.005 0.152± 0.006 0.168± 0.005
σfluc,15mol% 0.151± 0.005 0.155± 0.006 0.163± 0.005

∆5mol% 9 ± 3 7 ± 2 7.0 ± 1.7
∆10mol% 11.0 ± 1.7 9 ± 2 7.1 ± 1.5
∆15mol% 10 ± 2 13 ± 2 8.5 ± 1.5

Rw,5mol% / Å 19.7 ± 0.5 19.7 ± 0.5 18.1 ± 0.5
Rw,10mol% / Å 22.0 ± 0.4 21.8 ± 0.4 18.7 ± 0.4
Rw,15mol% / Å 23.4 ± 0.4 23.3 ± 0.4 20.2 ± 0.4
cbi,5mol% 2.5 ± 0.3 2.4 ± 0.3 2.4 ± 0.3
cbi,10mol% 2.5 ± 0.2 2.3 ± 0.2 2.3 ± 0.2
cbi,15mol% 2.7 ± 0.2 2.1 ± 0.2 2.1 ± 0.2
cmono,5mol% 3.4 ± 0.4 2.6 ± 0.3 2.4 ± 0.5
cmono,10mol% 2.7 ± 0.4 2.7 ± 0.3 2.8 ± 0.3
cmono,15mol% 2.8 ± 0.3 2.6 ± 0.2 3.2 ± 0.3
n5mol% 21 ± 4 15 ± 2 18.7 ± 1.6
n10mol% 24.8 ± 0.7 14 ± 2 19.1 ± 1.4
n15mol% 12.4 ± 1.7 21 ± 4 17.5 ± 1.2
Γ5mol% 3.5 ± 0.3 3.5 ± 0.3 4.1 ± 0.3
Γ10mol% 5.9 ± 0.4 5.7 ± 0.5 7.4 ± 0.5
Γ15mol% 7.0 ± 0.5 7.3 ± 0.6 8.1 ± 0.5

Iadd,5mol% / a.u. 0.062± 0.003 0.068± 0.004 0.090± 0.003
Iadd,10mol% / a.u. 0.130± 0.004 0.139± 0.005 0.178± 0.004
Iadd,15mol% / a.u. 0.153± 0.004 0.155± 0.005 0.168± 0.005
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