Advanced Neutron Bflectometry Data Analysis for Soft Matter
Systems

Introduction

During the following practical you wilt layermodels to experimental reflectivity data sets

and use theefits to gain quantitativenformation about themolecularstructure of material

at a buriedinterface To do this you will use the RasCal software whalbulatesslablayer

models using\belesmatrixformalisnE ¢ KA OK A& 02y OSLJidz f f& @SN
formalism which is also used in reflectometiata analysis

Intheseapproacleseach layer is described by its thickness, roughness and scattering length
density (SLB ). The thickness of each layer is used to determine the phase of the reflected
waves from eaclk a f layér interfacgtop and bottom) Kiessig fringes in the reflectivity data
aredue to interference between these reflected waves
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the angle/wavelength of the neutron beam give the magnitude of reftean while thickness of the layer and

its effect on the phase difference between the top and bottom reflections gives rise to Kiessig Fringes.



In the following practical you will start by examining the structure siliaon / RO interface

using the Rasdsmodel buildingGUF 2t t 26 SR o0& TFAGGAY3a GKS &l YS

scripted modding capabilities Then the structure of a bilayer of 1,2-
dipalmitoylphosphatidylcholine (DMPC) will be examined using multiple solution isotopic
O2y (N> ada TFANRIGEE G6AGK | AAYLIE S ag@2f dzySe
RO YOSR dal NBI LIhaldatd gou §sO txf tiséwill Wethieifctidity data
obtained from thelSIS neutron training coursmlid/liquid flow cellspractical onthe CRISP
reflectometer. Finally time permitiing,we willtake a look at @omplex &yer structurewith a
compositefringe pattern froma multi-layeredmembrane complex

Practical 1¢c The Silicon/Water Interface

The silicon ater interface is a common surfaaesed in NRstudies For these experiments
the reflection occurs within a silicon substrate.

Be,
g\ Mc‘ol/i,hat_
- S~ ~ Ion
S~ Surface INormal

In,
~) CO,n .
~. ~'n, 1 0
-~ - \eam ! “e“egj/d///
= ~. e +4=" =
S

I~
== e =]
~ l><’
A
N
\\

De‘-ed'o‘

!

Interface

Subphase

s,

PR -

Figure2, Neutron Reflectometry in a solid liquid flow celNote: the neutron beam is reflected inside of the
substrate.

You will begin the practical by fitting a bare S#0ated silicon/RO interface using Rascals
GUI option.

Moving the Practical to the IDAaaBesktop

If youK | @ &lye&ry. Move theschool folder onto your IDAaaS desktop so you can save your
progress in the practical. To do this you must use the following steps:

Applications>System>File manager
In file managenavigate to:
/mnt/ceph/ auxiliary/reflectometry/

Copy theNTC2021older, and paste it at:

T N.



/home/username/Desktop/

HINT:Username is youndividual username mine is 1c10795

Alternatively hit thehome button (top right) and navigate to desktop from there.
Starting the Software.
In your IDAaaS session

Applications>Software>RasCal

TheRasCasoftwarewill load.

In RasCalWindows>Tile
Setting up the model to fit

Once the Rascal software has been stagted will need to load the project to begin workin
Find your way to the following folder:

File>load*home/username/Desktop/NTC2021/Practical7_Membranes/

D2 (2 GKS PatlSiSDeD Viterfdée R iR R 2 dzo AD 2§t Bl t SyR @K
Si_D20 Interfacenaté ThenWindows>Tile. You should now see the window shown below
appear.:

Data to Model Model Scattering Length Model building window.
Comparison Density Profile

Information Window

Least squares
fitting window



The F' thing you will notice is that the real and model reflectivity data is notthe same
scale, i.e. the scale factor is incorrethere aresimilarities and differences between the
model data (ed) and the experimental reflectivity datareen). Specificallythe critical edge
of the reflectionis in the same position in bodmdwhile the general decay of thenodeldata
intensity against momentum transfer fand the background do not match tlexperimental
data

Therefore we begin fitting by setting the correct experimental parameters.
1. On the model building window click on tieb labelledexperimental parameters

2. Next correctly scale the data using teeale factor(do this so the modeand data
critical edges meetandthen set thebackgroundfor the sample (the flat region in the high
Q. regime). If you want you can fit these parameters by ticking the fit lagainst each
parametert Y R Of Ardn{ficy®3a 2y «

TIR if you do this make sure you set thaumber of iterationsin the least squaresfitting
window to be more than 100, if you typef it will run until the fit is complete.

3. Once these are set fit the substrate roughness (the roughness between the bulk
interfaceg to gain an approximate fit of the dat&.ou willnotice you get a good fit to the
experimental reflectivity datgroducing a reflectivity profile with a defined step function

4. However, the roughness will lzetificially high as the model does not accurately portray
the interfacial structure. The &bn substrate wilhave a thin (~10 A) silicon dioxide layer on
the surface. V@ will now add this layer by editing timodel.

Adding an interfacial layer.

1. ClickEdit> Edit Projectand you will now be able to edit the model window:

Model editing window

Upper Bound




2 Click on theparameterstab and add the following foysarameterswith the following
bounds

General Parameters | Layers | Experimental Params | Contrast 1

Add Param... Remove Parameter(s)

Parameter Name Lower Bound | Value | Upper Bound

Substrate Roughness 3 6.0653 35
Si02 Thickness 0.000E0 10 20
Si02 Roughness 0.000EQ 3 S
Si02 SLD 3.100E-6 3.410E-6 3.200E-6
Si02 hydration 0.000E0 10 100

Place the fitted value between tHewer and upper boundfor each parameter except the
SiQ SLD where you should use the value given above

When you run the fit do not fithe SiO2 SLD value ¢tiok the box for this).
Appropriate range for fitting for the SiO2 layer are:

SiO2 Thickness Lower = 08, Upper = 234

SiO2 Rughnessiower = 0 Upper =5

SiO2 SLiBet to 3.4165 A2 anddo not fit (untick)

SiO2 HydrationLower = 0%, Upper = 30%

HINT! The value must be set between these bounds before you start the fit.

3. Nextin thedLayerg iadd alayer and then populating the layer with each parameter
in the correct place andaming the layer appropriately:

8 4
General | Parameters Layers | Experimental Params | Contrast 1 |
Add Layers Remove Layers
Layer Name Thickness SLD Roughness %Hydration Hydrate with
Sio2 Si02 Thickness Si02 SLD Si02 Roughness Si02 hydration bulk out
% A % — N e A A - A A A 7 A —
4. InGKGonttast ¥ U0 IRR U0KS fF &SN 0oSUgRuKkgut U KS 0 c

row and pressingthe add button, then clicking on theew layer (2" column)and selecting
the SiQ layerfrom the drop down menu



e
General | Parameters | Layers | Experimental Params| Contrast 1

h-PC : Lipic-a bilayerin D20

Type Ascii File ¥ File C\Users\qfs16132\Documents\Admin\NTC Practicals 2019\NR Advanced Data Analysis 2019\Part 1 5i_D20 Interface\Part Browse ]
Type 3 column ascii, no header. = | ) Reload file even if local copy present in data directory
A B
Background  Background 1 - Bulkin Siicon
Scalefactor  Scalefactorl - "
Qa shift Qz Shifts 1 =
Resclution  Resolution1
Number of Layers 1
Add Remaove

OK Cancel

Now clickOKand the model should be updated with your new laydow rerun the fit.

5. You $ould now see that you have a new layer between the bulk phases which is rather
ambiguous.e. pooty described by the experimental data

Think about why this is ambiguoasd what might help to better resolve this layer? Write
you answer thoughts in the bolxelow:

6. Place the fit values in the tabtaverleaf



Substrate roughneg

SiO2 thicknesdd

SiO2 roughnegd

SiO2 Hydratiorfo

Background 1

Scalefactor 1

Now save the project using a name of your choice on the IDAaaS desktop by:

File>save as new project>home ic@ >/home/Desktop/name



Custom Model Fitting

Using RasCals GUI is an easy way to begin fits but the real flexibility in the software comes
from using thecustom model approach where the fit is defined using a script. We will start
by fitting a predefined Custom model of tislicon/DO interfacewe have already fitted

1. Edit the project and delete the parametfar the SiO2 SLBom the parameters table

2. Onthe Generaltab change thdéProject typeto Custom Layerg$NOTcustom XY gand
click onBrowse Selectthe file calledSiO2m Next Clickeditin the General Tab. You will now
be able to edit this script.

The scriptis a sequential description of individual parametdisw these parameters relate
to the interfacial layers and how those layers are organised between the bulk phases.

The simplescript for the silicon water interface is givemelow with an explanation of its
structure:

function [output,sub_rough] = SiO2(params,bulk_in,bulk_out,contrast) Title

%pFitting table params
Substrate_Roughness = params(1); Parameters and how they relate

Silicon_oxide_thickness = params(2): to the- parameters in the parameter
Silicon_oxide_roughness = params(3); table inthe rascaIGUIby number.

Silicon_oxide_hydration = params(4);

. Nonfitted parameters,
% hidden params .
Silicon_oxide_SLD = 3.41e - 6; In this case a known S

%initial layers

How these
SILICONOXIDE = [Silicon_oxide_thickness Silicon_oxide SLD é parameters
Silicon_oxide_roughness Silicon_oxide_hydration 1]; relate to the

layer parameters

% Contrast data sets in Order

Ordering of these

switch  contrast layers across the
case {1} interface
output = [SILICONOXIDE]; (superphase
end
[layers]
subphase)

sub_rough = Substrate_Roughness;

3. ClickSaveon the script go back into Rascal and Gbhédon the Edit Project window
to compile the script.



4. Refit the data. You will note that the fit should be fairly identical to what we have found
previously.

Save the Project at this point on the IDAaaS desktop



Fitting a Custom Model of the Bilayer by Volume Fractions

We will now create a custom model of the interfacial structure coated witlRalimyristoyt
snglycera3-phosphocholindDMPChilayer and fit the experimental.

Belowis an example of neutroreflectometry datafrom two solution contrastgD.0O; blue,
andHO; green A), associated scatterinigngth densitySLDprofiles ) and a schematic of
the interfacial structure these profiles represei@ for a DMPC bilayer at the silicon/water
interface:
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The simultaneous fitting dhese saméwo solutionisotopic contrast data set${O and D-O)
will be used to resolve the interfacial lipid bilayer structure here, wkdhbe constrained
agairst the data for theSi/D>O Interface only.

1.[ S (st@rtiby setting up the contrastand parametersAdd two extra contrasts to the
project byEdit > Edit project > General > Number of contrasts > Add > Add.

Two new tabs will have appearedlledContrast 2andContrast 3 These are for our D and
H-O bilayer data sets respectively.

2. Add new backgrouds for the new contrastasing the relevantAdd tabs in
Experimental ParametersSet the ranges on these new parameters correctly.

3. Additionally, add an extr&LD bulk Zbeam out)for H>O, the value for this is0.56e
6, set the lower and upper boundsose to this (-0.6e-6 and-0.4e-6).

4. In Contrast 2and Contrast 3Change to the corredBackgroundsScalefactors (use
scalefactorlpnd in the case of Contrast 3 (theGHcontrast) theBulk out See Below:
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General | Parameters | Layers | Experimental Params | Contrast 1 | Contrast 2 ° Contrast 3 |

New Contrast I

Type Simulation :|
A [ B
T Bulk in Si
Background |Background 3 ] Custom .
Scalefactor Scalefactor 1 ! Bulk Out H20. -~

D20
Qz shift @z Shifts 1 -

Resolution Resolution 1 -

Number of Layers

oc ][ cancar_|
p® b2g fSiQa R&MDinkSwnpafametezN) |y 2 &
We know the scattering length densitiestbe DMPC headgroups and tails:
Tails =0.37 x 16 A2
Head groups £.98 x 16 A2

But this only takes into account a situatisere the layer is composed of a single component
only. The DMPC bilayer, like the Si@yer is immersed in solution and therefore hydrating
water is present in the headroups and potentiallyn the tails if the bilayer has dects,
therefore we should fit twdydration parametes (heads and tails)

Additionally we should fit thetails thickness headgroup thicknessand a singleilayer
roughnessparameter. Add these to thBarameterstab using the bounds shown below

B8 #

Project Name : Partl_3
Type : Custom Layers Geometry : Solid / Liquid

Parameters | Experimental Params | Contrast 1 | Contrast 2 | Contrast 3,

| {unjcheck all ‘

Fit? | Parameter Name | Lower Bound ] Value | Upper Bound
v Substrate_Roughness 3 3.0006 35

(v Si02_Thickness 0.000E0 131512 20

(vl Si02_Roughness 1 1.0104 5

(v Si02_hydration 0.000E0 29,9952 30

(vl Bilayer_roughness 2 9.8029 10

v Headgroup_thickness 5 11,6918 15

v Headgroup_hydration 0.000E0 68.9334 100

v Tails thickness 0.000ED 33.6758 40

vl Tails_hydration 0.000E0 0.1171 100
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6. Now we need to edit the custom fit script and build our bilayer struct@e.to the
General taband clickEdit Now edit the script to add the new parameters and the known
parameters. Define layers for the headgroups and tails of the bilagdrcreate two new
contrast cases both with siliconx@e layers but additionally with bilayer layerscross the
interfaceas well Headgroup; Tails; HeadgroidJse the structure of the SiO2 custom model
as your guide.

You will be giveB0 minutes to complete this task

Top-Tip: You can savB8iO2.mas a different file name in the projefdlder to avoid confusion
over script names but make sure ybrowse and selectthe newcustom modelscript name
in the general tabbefore hittingOK

HINT: How to @nstruct your bilayer parameters

To complete this assignment you need to describe a structure across the interface for
contrasts 2 and 3 which is composed thie following layers

[SILICONOXIDE; HEADGROUPS; TAILS; HEADGROUPS];

Refer to page 10 to see what this should look like. Belovaisexample of this done with
one Headgroupand SiO2 layers only as a guide:

%Fitting table params

Substrate_ Roughness = params(1);
Silicon_oxide_thickness = params(2);
Silicon_oxide_roughness = params(3);
Silicon_oxide_hydration = params(4);

Bilayer_roughness = params(5);
Headgroup_thickness = params(6);
Headgroup_hydration = params(7);
Tails_thickness = params(8);
Tails_hydration = params (9);

% hidden params

Silicon_oxide_SLD = 3.41e - 6;
Headgroup_SLD =1.98e - 6;

SILICONOXIDE = [Silicon_oxi de_thickness Silicon_oxide_SLD é
Silicon_oxide_roughness Silicon_oxide_hydration 1];

HEADGROUPS = [Headgroup_thickness Headgr oup_SLD Bilayer_roughness e
Headgroup_ hydration 1];

switch  contrast

case {1}

output = [SILICONOXIDE Ik
case {2}

output = [SILICONOXIDE; HEADGROUPS];
case {3}

output = [SILICONOXIDE; HEADGROUPS];
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end

BEWARE!Parameter names in the RasCal custom mbdannot have spaces between
words while in the RasCal GUI parameter list they can.

7. Compile your new script by saving the script and clidRikgn the Edit projectwindow. It
will not compile if there are errors.

Now save the projecbn the desktop on IDAaaS using a name of your choice.
8. Add experimetal data from the DMPC bilay&y Contrasts 2and3.

This data is found ifthome/username/DesktopfNTC2021/Practical7_Membrane®art 1
Si_D20 InterfacklataFiles/

To adl this data

1 In the correct contrast tab changiatatype (top left) from simulationto Ascii File.

1 Hit Browse>dataFilesSelect the appropriate data se(DMPC_D2@at or
DMPC_H20.dat

1 Once the correct data sets are in the correct tabsO#tto compile.

Now fit the data.

Discuson slackzoom chatthe structure you have resolv@for the bilayer (thickness and
coverage)o check consistencyWe will discuss the results as a group.

Once finished your fits should look like those shown in panel A of the diagram on page 10.

Save your projecas anew projecton the IDAaaS desktap
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Fitting a Custom Model of the Bilayer lArea per Molecule

In the previous sectionifferent layers arising from the sagammolecular species are fitted
an unconstrained mannerThis can cause some ambiguity in the analgsishere can be
differing total molar amounts of head and tabmponentsn the resolved structural data

A better approah is to couple these parameters together using a known shared parameter.
In most cassthis will bearea of the surface occupied by thelecule As each lipid head and
tail, being a part of the sanmaolecule will occupy the sam&-dimentional area of the sample
surface.This area will be related to the thickness of the sampte by

0€dané en@enm a'Q

0 OOO6 FYAQR ORNINQGH ——— i~ ¢
d 0 OWXQw Qe Qi |

The volume of the tail and head groups are linked to the sum of the atomic volumes which
make up the molecule and therefore will not chan@ethin a gven phase)The thickness is
inverselycorrelated to the area per molecubnd thereforeonly a single parametdor both

the head and tail groups needs to be fittdtat is the area per molecule at the surfaBslow

is a diagrammatic representation dfis concept:

Surface Area per
molecule on the
Surface in A2

Surface Area per molecule on the
Surface in A?

——— Y e

Change Area per
Molecule

Thickness tails

Molecular volume must
remain constant
Therefore
Thickness changes with
inverse proportionality

in A3
Thickness HG

\\Volume headg

In the exanple we will use the molecular volumes of thead and tail components of DMPC
to constructa model which fits the bilayer dlhe silicon water interface by foyrarameters
only. That isthe area per molecule the total bilayer hydration (i.e. presence of defest
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across the surfaceand the headgroup hydration(i.e. water bound to the hydrophilic
headgroupspandbilayer roughness

For this section of the practical you veliiit a customarea per moleculanodel, completing
parts of the code which are missing.

Starting the project

In Rascal load the projecEile>LoadPractical7_Membranes>Part 2 Custom Area Per
Mol>Part 2 Custom Area Per Mahat.

You will see three sstof data, Contrasts 1, 2 andad Model data sets whictescribe the
SiQ layer at the interface only.e. no bilayer structurés presen}.

The relationship between layer thickness, component volume and area per molecule is

OG0 O WEaoanQ
(.L) E I‘=!~'lnrr VG )
01 DD £ Qa ®o a'Q

Andcomponent volune, scattering length and scattering length density is

YO O

wWEéaoaQ

The volume and the scattering length H 6 0  Bfthe iltérfarkal componergare known,
Byfitting the experimentalreflectivity datawe can determinghe interfaciallipid area per
molecule and layer thicknesses.

The SLD of the lipid headgroups and tails can be calculatad priori information, usintis,
the solution is present in each of theeadgroup and tail regions dhe bilayer can be
determined

There is a differentiaih solution content within the headgroups and tails. As thestailll only
havewater contentthrough defects while the headgrosfavehydrationwatersas well as
water present due to defect3 he model built during this part of ghexercise will discriminate
between these hydration types.

Edit the model and then edit the custom mod@&dit>Edit project>General>Edit
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You will find the following incomplete code describe the interfacial layer structure

function [output,sub_rough] =
Area_per_molecule(params,bulk_in,bulk _out,contrast)

%%PFitting Table parameters
Substrate_ Roughness = params(1);
SiO2_thickness = params(2);
SiO2_roughness = params(3);
SiO2_hydration = params(4);

HG_bound_waters = params (5);
%DMPC_AreaPeiVblecule = params (6);
%Bilayer_roughness = params (7);
%Bilayer_hydration = params (8);

%%Known SLDs
Si02_SLD =3.41le -6;
%%Known Volumes in Angstrom cubed
DMPC_HG_Volume = 320.9;
DMPC _Tails_Volume = 783.3;
Water_Volume = 30.4;
%%KnownScattering Length in Angstrom
DMPC _HG_SL =6.41e - 4;
DMPC Tails SL= -3.08e - 4;
H20_SL = -1.64e -5;
D20_SL =2e - 4;
%% Relate HG bound waters to SL and Volume
Headgroup_water D20_SL =HG_bound _waters * D20_SL;
Headgroup_water_H20_SL =HG_bound _waters * H20_SL;
Headgroup_water_Volume = HG_bound _waters * Water_Volume;
%% Add that to the HG Volumes and SLs in both contrast cases
%Volume_HG = ? + ?; %%Clue it 0s the same as before but with the water added
%DMPC_HG_SL_D20 = ? + ?; %%Clue it O0s the same a s before but with the
correct contrast water added
%DMPC_HG_SL_H20 = ? +?;
%%Calculate the SLD of the HG in both contrast cases

%SLD_HG_D20 = ?/?; %%SLD = sum b /v
%SLD_HG_H20 = 2/?;

%% Calculate the thickness from the HG volume over the lipid Are a per
%% molecule

%HG _thic kness = Volume_HG/DMPC_AreaPerMolecule; %% Th i ckness = vV/APM

%%Calculate the SLD of the tails
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%SLD_Tails = DMPC_Tails_SL/DMPC_Tails_Volume;
%%Calculate the thickness of the tails
%Tails_thickness = DMPC_Tails_Volume/DMPC_AreaPerM olecule;

%% Now construct your layers adding in a single roughness par ameter and a
%% parameter for defects (hydration)

SiO2 = [SiO2_thickness SiO2_SLD SiO2_roughness SiO2_hydration 1];
%HEADGROUP_D20 =[?? ? ? 1];

YHEADGROUP_H20 =[? ? ? ? 1];

WTAILS =[????1];

switch  contrast

case {1}

output = [SiOZ2];
case {2}

output = [SiOZ2];
case {3}

output = [SIO2];
end

sub_rough = Substrate_ Roughness;

In this code you will notice there are single commentegs (%) and double commented
(%% lines. Thedouble commened lines arenotes and hintswhile the singlecommented
lines are thdines of code you must completby the replacing the questions mark®) with
the correct information.

The parameters you wish to fit are commented out in the parameters section of the code.
These are:

HG_bounds_waters = params (5);

DMPC_AreaPerMolecule = params (6);

Bilayer_roughness = params (7);

Bilayer_hydration = params (8);

Suitable parameter ranges for these are:
HG_bound_waterslower = 0 waters, upper = 10 waters;
DMPC_AreaP&folecule: lower = 082, Upper = 10G2.
Bilayer_roughnes: lower =2 A, upper = 10A.

Bilayer_hydration lower = 0%, upper = 100%.
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HINT:Add these parameters to the list in RasCal

The code below the fitted parameters details the relationship between these parameatdrs
the parameters which define the structure itbe layerparameters SLDhicknessroughness
and hydration

Once pu have uncommented and placed the correct info in all the lines of code you must
add the bilayer structure to cas¢2} and{3}.

HINT!Input the following layer structure in contrast (Case) 2 and 3 once you have
determined the relationship between areger molecule, thickness and Slabd defined
your layers

Cas€2}

output = [SIO2 HEADFGROUB20; TAIL; TAIL; HEADGROUP_D20];
Cas€3}

output = [SiO2; HEADFGROUP_H20; TAIL; TAIL; HEADGROUP_H20];
Note: Here we define the tails as two layers rather tharsimgle layer.

You will be gived0 minutesto complete this practical. Aftewhich time we will discuss the
resolved structural informatioas a group

Save your project as a new projecoh the IDAaaS desktop.
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Fitting aComplexProteinrBound Complex Merorane Structure

The final part of this practical is a challenge of you newfound fiting scriptingskillsand
will test somebasictrigonometry.

In the folder labelled t | NibteimBound Membrane Structur&you will find acomplete
project with data which has previously been publishedangmuir 32 (14), 3488494 In this
example we have a complex membrane structure at the silicon/water interfdteh is
representative of the Gram negative bacterial outer membrane

This structure contains an asymmetric distribution of lipids with an inner leaflet composed
tails deuterated phospholipid (in this case-dipalmitoylphosphatidylcholine) and an outer
leaflet ofbacterial lipopolysaccharideghich ae hydogenous (or 99.8% protium labelled)

The figure below gives some details of this structure:

Above we have reflectometry data (shown in®* format, great for publications to show
quality of fits) from the asymmetric membrane structure examined under three differing
solution contrasts (BD, SIMW (38% RO) and HO). From the analysis of the data we reveal
the internal structure of the bilayeat the solid/liquid interface. The deuterated phospholipid
component is located in the inner membrane leaflet close to the silicon interface and the
hydrogenous lipopolysaccharide is located in the outer leaflet close to the bulk solution. Note
that the profile for this consists of lipid tail and sugar hegrdup (core oligosaccharide)
region.

Upon opening thePart 3 ProteinBound Membrane StructureBrotein-Bound Membrane
Structure.matthe following data ses and fits will load in RasCal:
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