An Introduction to Small Angle-xay Scattering (SAXS)
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The small angle Xay scattering (SAXS) region
Instrumentation, sample prep, data collection and reduction
Basic data processing with examples from BXDS

Data processing tutorials
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WLE beamline

World class higiiesolution powder diffraction
J. Reid. svnthetic bone compound

CMCF U Complex structures
WLE U Complex mixtures
U Peak shape analysis

T
4.9 5.0 5.1

q (AY)

Thin film rapid thermal annealing
~1000°C, XRD, resistivity, roughness,
ultra-high purity gas

U metal films

Ru/Si - 0.7 °Cl/s
2.0 |

=24 . .
S 26 Ru ERq.SI SRUZSB
2.9 L
31 1

100200300 400500600 700800
Temperature [°C]
S. Dey et al., J. Vac. Sci. Technol. A 35, 03E109 (2017)

WAXS (XRD with area detector) Biopolymers for bandages

Youchao Teng, Yimin Wu, U. Waterloo

Measure WAXS while stretching
(0¢ 100 N)

9,

—
qx,y

U Surfaces
U Orientation
U Speed/insitu

SAXS has been running since February 2021




X-ray elastic scattering Atomic form factors
(or atomic scattering factors)

3 <=0.8192 A

Vv 25 —Fe (15.1 keV)
—Ca2+

Collimated,
monochromatic
xX-rays

Measure the scattered
intensity at every d
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From scattering to diffraction

Collimated, <
monochromatic
X-rays l‘-’i

N} 33¢€

attered intensity into specific directions
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X-ray scattering and diffraction reveals structural order within materials
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What is small angle Xay scattering all about?

<= 2dsin
********* 4.00 keV (0.310 nm)
{ 01 NI A y3 FNBRY LR RSN 100 8.04 keV (0.154 nm, Cu Ka)
k 17.4 keV (0.071 nm, Mo Ka)
JU—— . AN e | e 30.0 keV (0.041 nm)
f‘r&‘, H‘\.. — 1':'
X-ray X-ray E
source __.___’___getedor =
v Sample ' _ ,:’ 1
‘\‘ stage ;
"\‘\‘ J,",
e - 0.1
0 1 2 3 4 5

20 (degrees)

SAXS is generally 20.05-5°

Probe relatively big things 1150 nm) bymeasuring elastic-Kay scattering at small angles
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Thenanoworld

Atomic distances,
spacing between
planes of atoms,

bond lengths




How is SAXS related to otherrdy diffraction techniques?

Intensity (counts)

Q (A

105 4

104 4

102 4

102 4

d (nm)

2 ()

Typical SAXS data presentation

Metallic NPs
R. Scott, A. Stevens, U. Sask.

D=3 nm
D =23 nm

— . . . ———
1072 1n-1

62.8 6.28
0.108 1.08

1D intensity vs. Q

log-log plot
Proper intensity units are ciif data

are scaled to absolute intensity
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105 4

Intensity (counts)

=
<

Chocolate
A.G. Marangoni, U. Guelph

< | 1 1 1 1 1 >
] | | | | | ] ]
Q (A1)  0.00060 0.0060 0.13 0.67 5.9 9.9
d (nm) 1000 100 4.7 0.94 0.11 0.064
2d (°) 0.0045 0.045 1.0 5.0 45 80
<=0.819 A
(151 kev) Atomicscale

Nano-scale

Inter-molecular distances and packing
arrangements, particle size and shape

Inter-atomic distances, bond lengthsearestneighbor
atoms, Crystal structures with atomic resolution




Applications

Amphiphiles

[e— 100m —>]

Doxorubicin

MPEG-DSPE Liposome

Amphiphiles

Bilayer

Cylind

Toroid

Micelle RSC Adv., 2020, 10, 42088115

Surfactants,
Micelles, emulsions

Drug delivery,
Pharmaceuticals

Biomacromolecules

Muscle

DNA
Alginate
Cellulose
Collagen
Chitosan

Proteins
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Food science

Fats
Starch
Pectin S. Perez and E. BertdBtarch201Q 62, 389- 420
Polymers
Muscle  Blood
fibers p ves;els Filament
'/ ), lattice

Sarcomere

Myofibril Myosins

https://www.techexplorist.com/scientistsnvestigatedpork-fillet-x-ray-light/11572/

1) Packing, ordering
2) Size, size distribution
3) Shape

(a)

All kinds of nanoparticles

(b)

<« Al/lIF —

< PbS-TBAI —>

“— PbSEDT ~

¥~ pDTPBT —>
=~ ITO/Glass —> 100nm

K. Lu et al.J. Mat. Chem. 017, 5, 2396023966

M. Yuan et al., Adv. Mater. 2014, 26, 352319

Nancporous materials

M. Liu, Z.M Hudson, UBC

Batteries
Biochar

Zeolites

Geology




SAXS is highly complementary to nanoscale microscopy

Naga Kola, Thakur Group, VIDO

Intensity (counts)

CryoTEM

280000 -

240000 -

160000 -

120000 1

e 7 4 PH
e 3.0 pH

d~4.0nm

80000
40000
T T - T T :
0.0 01 0.2 0.3 0.4 0.5

FOV decreases as resolution increases
Observe a small fraction of the complete sample at atime  a Snake!
Challenging sample prep at smaller size

d~4.0 nm

. ftAYR YSYy YR Iy StSLKIyGté

U SAXS provides nanoscale informataweragedover the beam volume (~mth
U Often complementary or extra info: surface roughness, folding/unfolding,
assembled state in solution
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Instrumentation, sample prep, data collection and reduction
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How to measure small angle-bay scattering?

Lab source

Anode hole Magnetic lens
Heated cathode = Anode target
cated cathode - node targe

X-rays

Synchrotron

1) Special instrumentation required for SAXS

% Canadian Centre canadien 2) SAXS instruments are long!
Light de rayonnement
Source synchrotron 12




SAXS instrumentation basics
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Acceleration

A Highly collimated hard-¥ay beam (multiple slits)
- More flux (better SNR), weakly scattering A Large area detector witheamstop
objects (organics/biology)
- Better g resolution A Space for >2 m sample to detector distance
- Time resolvedSAXS mapping A
A

- Choice of many wavelengths Some ability to change detector distance (SAXS/WAXS)

Most, or ideally all, components in vacuum
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SAXS user facilities in Canada McGill

== y U. Montreal
SAXSLABanesha800XL+ Anton Paar SAXSpoir2.0
https://www.4dlabs.ca/ourcapabilities/equipment/smalanglexray-scatteringsystem.html
C L S https://www.mcgill.ca/mc2/instrumentation/xray-diffraction/saxs
UBC
Soon! Ask Anita SAXSLABanesha
U. Ottawa Egz;}/ﬁge_r;:;g.umontreal.calblostruct/sc
U. Alberta U. Toronto McMaster

ﬁg . lus XRD

A e

Neutron Wavelength 2.6-23AatANA=17%

Detector 100 cm?at 0.9 cm
Bruker D8D Plus XRD Anton PaarSAXSpace o Accessible Q-range 0.005<Q<1.25 A"
https://www.nanofab.ualberta.ca/saxgi-saxswaxsare- M ac SAN S I n commissionin g Structure Scale 0.6-125nm

8 https://lab.research.sickkids.ca/sHacility/saxs/
availableon-bruker-d8d/

https://nuclear.mcmaster.ca/neutrofbeams/
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1) Beam defining slit
+6.1m

CLS SAXS instrument
(2.00 mm x 1.00 mm)

< r M®HC )

0.66 A (18.9 ke 2) Antiscatter slit

+0.9m
(0.25 mm V x 0.50 mm H)

$.

3) Guard slit (0.80 mm)

Small air gap for sample (~30 mm) low parasitic scatter

Cross section of the hybrid blade
detector

h

— i L Si (100)

Brass

A
SXD_UJ;:C% Y. Lietal., J. Appl. Cryst. (2008). 41, £1389
N.M. Kirby et al., J. Aplryst 46, 167Q1680 (2013)
Radius R,
b “ b ) b Dute}:tur

Figure 4

Schematic layout of a SAXS pinhole camera. 3 Appl. Cryst. (2004). 37, 3880
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Sample preparation and mounting

Transmission Grazing incidence
Capi"aries between tape freestanding Thinflat films on Si wafers, or gIaSS slides
‘ ' ' =0.07
Automated measurement of ~10 samples in 30 to 60 minutes
In-situ sample environments
Oxfordcryostream(-193¢ +226°C) 1200°C furnace with gas flow In-situ spin coater with heating New shear stage

. . . B
Stretchlng Liquid flow cell and syrlnge ump




Image y-axis, mm
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250 A
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Image y-axis, mm

100 150 200 250
Image x-axis, mm

250 4

200 4

150 4

100 A

50

just_air_10s__123.tif
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Q ~ 0.00% 0.40 At
d~125¢ 1.57 nm
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Detector acquisition and calibration

GSASI

water_90sec__2113.tif AgBehenate_calibration_9.8keV_3000mm__2107.tif
300 = = = = 300 Image Controls:

: : Type of image data: | SASD - small angle scattering data | Color bar | Greys w | Azimuth offset | 0.0
250 4 250 4
250
ety [0 | )

£ 280 range £ 200-
= Q g 200 £ 200 Auto scaler ? ~ | [] Show line scan
% 1501 ’M 5156 e asls Integration coefficients
< $ 1501 N - , s
v 150 g 150 [] Beam center X Bin style: Constant step bins in log(g) ~ [] Pink beam source?
o ©
£ w05 £ = [7] Beam center Y 152.569 Inner/Quter Q [ 0.005 l 0.4 ‘
L 100 100 [ Wevelength* 125602 Start/End azimuth [ 270.0 ] 450.0 ‘
50 4 ; : o [] Distance 3045.074 No. 2-theta/azimuth bins [ 1000 ] 1 ‘
L 50 L s0 AT i [_]Show integration limits? ] Do full integration?
35 ltangle || Use for all new images? [[] Azimuth at bin center?
°% 50 100 150 200 250 7 50 100 150 300 %0 EATikt rotation® 7981 [T Apply sample absorption?
Image x-axis, mm — 0 Image x-axis, mm Lo [] Apply polarization? Value (0.001-0.999)

Dark image ~  multiplier Flat Bkg: I:]
Background image ~ | multiplier

Gain map v

Calibration controls:

Calibrant | Ag behenate v | Caliblinestoskip |0 ~ Min calib d-spacing

Calibration Integration Parms | Help
Image Controls: Copy Controls
Need he wavelength, detector ’ _ Copy Selected
0.1076 5839  details, and approximate distance Zp°f’f'mfg°d::2' = IR i
ax intensity ave Muitiple Controls
0.2152 2.920 o Load Controls
0.3228 1.946
0.4304 1.460
0.5380 1.168
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Image y-axis, mm

. . | '
Data correction, and reduction to 1D plot ol ,
1L [
: Sample Blank \
AuNPs_90sec__2109.tif 400 I !
|
Sample 55 1054 | [
250 :'(B\ | |
300 c | I
>
200 - AuNPs_.S)Osec__VZ}OQ%.ti‘f . 400 @ : :
150 200 _— 42\ 10° 3 | |
20 @ : Sample |
100 150 300 % | p I
; £ 200 'E | |
Au NPs + water + 100 E 250 = Ll : '
50 : @ 10° 4 I '—n‘;’
quartz + air "~ g 150 1,00 1 I
T % 10 10 20 20 g ' '
Image x-axis, mm —0 E 100 1150 | |
Acquisition time: 1 s90 s 1024 ! !
- 100 i 1 13 nmdiameter Au NPs in water |
0 | J. Kumar, A. Stevens, U. Sask. I
water_90sec__ 2113.tif 30 | |
300 o feski iy ———— S N 18‘2 o '10"1 N '
0 50 100 150 200 250 , »
Blank Image x-axis, mm — 0 %V“ O A =1 e Q@
250 A 250 Q @ d ?‘
SRS Q o/)\
: Subtract the blank Q" o N
200 '»

200

o
w
o

2

150

Image y-axis, mm

' Part 1. SAXS data calibration and reduction using ESAS
water + quartz + air e https://www.youtube.com/watch?v=BgnX_fOHcdw

Same exposure time

-
(=3
=]

50
50

: Part 2: SAXS data manipulation and analysis BIYTARAW andBASView
0 50 100 150 200 250 https://www.youtube.com/watch?v=Yab0XOpsug

Image x-axis, mm —

10



https://www.youtube.com/watch?v=BqnX_f0Hcdw
https://www.youtube.com/watch?v=-Yab0XOpsug
https://www.youtube.com/watch?v=-Yab0XOpsug
https://www.youtube.com/watch?v=-Yab0XOpsug

Some tips for a great data collection experience

1) If the sample is in solution, bring blanks/solvent/buffer,
and bring a range of concentrations-(10 mg/mL) Before

Lipid-polymer micelles in solution
D. Marquardt, U. Windsor

2) 1+F@S | 322R ARSI 2BAXBKI (I & 2 fagN\ g 1 2 N3p oA
patterns can be ambiguous and there are numerous ST g | Ten 30 s exposures
interpretations and models. Bring some examples. 3 ,

8 w0y

2 |

3) Quality over quantity: Work up data as you go along & :
Aggregates? g .

—_ 1

34 |

4) Buy your own capillaries Filtered . |
I

I

|

1072 10-!

Not filtered Q'A—l

Intensity (counts)

-
=]
-

Alginate complex
G. Bautista, UBC

10-2 Q(Al) 10!




W

Data analysis with examples
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Origins of the SAXS signal

I(Q) = S(Q¥xP(Q)

S(Q)is thestructure factor

- Inter-particle interferences

- High concentrations (>5% vol.)
- Ordering/packing of particles

P(Q)is theform factor

- Intra-particle interferences

- Low concentration (dilute limit)

- Sizelpolydispersity/shape of particles

Canadian Centre canadien
Light de rayonnement
Source synchrotron

Intensity (counts)

10° 4

10* 4

107 4

102 4

Intensity (counts)

SAXS PXRD

~An extension of PXRD
Looking for and analyzing Bragg peaks

Chocolate
A.G. Marangoni, U. Guelph

10°

104 4

10°

102

T ‘
101 10°

OfA_l

Metallic NPs
R. Scott, A. Stevens, U. Sask.

Analyzing regions or the fitting

d=23nm Au the whole curve

102 1071

QAL 29




Pharmacy: Liposomes for RNA delivery

Pure mRNA degraded by enzymes in tissues

24,

PEG- /\/\/\/\/\/\iof\/\ojf\/ol.:\«

PolySarcosine

o

DODMA =

/\/\/\/\/\/\/\/\j -i AN

DSPC & ey
vawvv\g

o/\/\,,/.
o

)
f

Hide it inside a liposome NP to get it into cells Lipid phase affects transfection efficiency
g 2. Straight lines
%2§.§.%§§§ 1. Hexagons
8 WY A\ Lamellar Inverse Hexaganal
P e Teecile T

Cholesterol _‘(ﬁ}:ﬁ\{ Ogle

% ”sé%'; @ Q =sitna
J‘ LLLLLILLE
RNA @@‘ LNP
ACS Appl. Nano Mater. 2020, 3, 11, 1685645 a 108

Pfizer ModernaCOVIBL9 mRNA vaccines

Insitu L toH,
transition

Nature Comm. 15, 1303 (2024)

104

10°

Intensity (counts)

102

CryoTEM

Hexagons

Nature Comm. 15, 1303 (2024)

la3d

Kmc KHH
(400) (332)

0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40

Types of LLC phase SAXS

Pre-programmed H, Lamellar phase 1:2:3':

4
remains intact Y. Huang, $5uj RSC Adv., 2018, 8, 688987 ImSm V2:V4:V6: V8
Pnim \/5\/5\/5\/3&\/6
Ia3d V6 : B :V14: /16: /20 : 22
Fd3m V3:V8: V11 :V16: V19
Reverse hexagonal 1:V3:2:V7 23



Pharmacy: Liposomes for RNA delivery

4°CA 25A 35A 50A 4

10° A

Naga Kola, Thakur Group, VIDO

2D hexagonal,

~
i
p6ém c
— 10° a 8
..‘Q — x10?
S =
3 %)
o C
N q)
)
2 £
k%)
[
(O]
+—
[
= 4x 10?

49.4 AA 43.4 A

T T T T T T T
0.11 0.12 0.13 0.14 0.15 0.16 0.17

Q (AY)

Q (AY What is happening here?

Is radiation damage at play?

What happens with temperature?
ARTICLE

Raceived 7 Aug 2014 | Accepted 25 Nov 2014 | Published 7 lzn 2015 | Dot 10.1038 /ncormm s6943 | OPEN

Volume and porosity thermal regulation in lipid
mesophases by coupling mobile ligands to soft

membranes

Canadian Centre canadien
nght de rayonnement Lucia Parolini’, Bortolo M. Mognetti?, Jurij Kotar!, Erika Eiser®, Pietro Cicuta' & Lorenzo Di Michele!
Source synchrotron

Nat.Comm 6, 5948 (2015)




Energy materials: Quantum dot solar cells Sargent group
Elec. & Computer Engineering

U. Toronto/Northwestern U.

&« Al/LIF -

& PbS-TBAl —>

€~ PbS-EDT ~

PbS
CsPBr/l),
InAs

*~ pDTPBT —
= ITO/Glass —> Il

https://www.olcf.ornl.gov/2015/05/05/demystifying
quantumdot-conundrums/

.. . . K. Lu et alJ. Mat. Chem. 2017, 5, 2396023966
Efficient exciton generation

Sizebased, tuneable band gap QD films deposited laydyy-layer using spin coating
Top electrodes deposited using thermal evaporation

18.1% record efficiency in 2022

Performance improved by tuning:

- Particle size distribution or polydispersity

- How particles pack and the interparticle distance

Control the size and packing by:

- Ligand exchanges cycles, centrifuge to remove largest QDs
- Rinsing steps during buildup

- Spln Speeds’ SOIVentS’ addltlves M. Yuan et al., Adv. Mater. 2014, 26, 3623319

Canadian Centre canadien
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Height " T

Waveguide modes

- Indicates very flat, high quality film
- Adjusting grazing angle can give depth information

no
log(SASD YKW5_0.03deg.5041.N061.8030BN061.7

YKWS5_0.03deg.S041.N061.80308N061.74482_028.tif
4 1
1
1
|
i
E . 10*
€ N l
¢ E |
5 s |
: 2 |
E 8 i
U 1
=0 11.3nm
: O N
|
1 !
120 140 160 180 200 1 ]
Canadian Centre canadien Image x-axis, mm o] ! ! M. Yuan et al., Adv. Mater. 2014, 26, 363319
Light de rayonnement Txio? axiot | exioc 10
Source synchrotron QA"

S 0% Exgerimaria s
X-ray reflectivity Simple estimation of film thickness % o w
000 4 Fringes with uniform spacing _ 21 v Kiessig L0
. - g : i £
Thickness of the layer : &QT g .1 /\L’\J fringes g 120
Z < ! X
3 '\/\ 8
o @ 140
g a :
8 ot 160
k11 11
8 I 3 180
. Oi-’\".ﬂ. ; 80 100 120 140 160 180 200 220
Image x-axis, mm
2000 V w
T T T T T T T T 1
-0.8 —-06 -04 -0.2 00 0.2 0.4 0.6 0.8
Theta

10g(SASD YKWS_0.03deq.5041.ND61.60308N061.74482_028.tif Azm= 268.70(1

q, (A"

Intensity (a.u)

Intensity, cm™!

29 nm |

\\ thick film

s

'
L
12 %1070 L% 107716 x 1018 x 107F x 10712 x 187 x Wek 107

QA

- Reflectivity gives film thickness

- Position gives interparticle distance
- Peak width gives size distribution
- Average over relatively huge area

05

0 1
q, (A7)
BB
d) / 55nm \,\7”\
/ e %
e i
52 nm
R
\\‘/ s
8

3 4 5 6 7 8 9
Inter-particle spacing {(nm)
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Origins of the SAXS signal

I(Q) = S(Q¥xP(Q)

S(Q)is thestructure factor

- Inter-particle interferences

- High concentrations (>5% vol.)
- Ordering/packing of particles

P(Q)is theform factor

- Intra-particle interferences

- Low concentration (dilute limit)

- Sizelpolydispersity/shape of particles

Intensity (counts)

10° 4

10* 4

107 4

102 4

Intensity (counts)

SAXS PXRD

~An extension of PXRD
Looking for and analyzing Bragg peaks

Chocolate
A.G. Marangoni, U. Guelph

10°

104 4

10°

102

T ‘
101 10°

OfA_l

Metallic NPs
R. Scott, A. Stevens, U. Sask.

Analyzing large regions or

d=23nm Au the whole curve

102 1071

QAL 27



Form factor, P(Q) - Intra-particle interferences

Monochromatic beam

<

- Low concentration (dilute limit)
- Size, shape, polydispersity of particles

Airy pattern

yY

=
w
w

Image y-axis, mm

=
[}
w

Pinhole d =50 um

D=10m

120 nm diameter PS spheres in water

Pure, monodisperse, and dilute
(~1¢ 10 mg/mL}) no interpatrticle interactions

120nm_NIST_std_quartz_300s.5014.N051.4056907486906665264173_365.tif

145 A

150 A

160 -

170 A

175 A

< I nommy VYY

D=23m

135 140 145 150 155 16!
Image x-axis, mm

Intensity (counts)

104 1

10%

107

1200

1000

800

log({SASD NISTbeads_120nm_1805.5017.N051.1558669439_18!




Monodisperse, dilute spheres in solution

10"+

= _____ ‘ B ;_11 1 06—;

aDdzA v A SNE A NBEIA RS A

10”4
10%
10°

101

scattering cross section (cm’)

5 nm diameter

oPorock

q

sin(gR) — gR cos(gR) 2
(gR)?

E

P(g) =

10 nm

0.1 1

10

q(nm’)

. . -1
scattering cross section (cm™)

5nm

Armin Hoell

0.1

q(nm’)

the scattering objects

2F WYLI NI A Of S

NJ- Blde? b the nature of

Real samples, spherical metallic NPs

10° 1

104 5

d=23 nm Au

102 5

102 4

L | T T T T T L R |
1072 1071

R. Scott, A. Stevend,Sask
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[ 2YLX AOFGA2yaX

Polydispersity?
‘IOT'; 5nm Kugel-Teilchen (polydisperse 20%)
106 3 5nm Kugel-Teilchen (monodisperse)
5 10°4
S 10*3
I3 5
2 10 .
W 23
8 1074
o ]
g 107
o 10”.:
§ 10-11E oscillations smear out when
1 A4A1S LRfE@RAALISNARAGEIAAZ
107 ——— T ——————rm
0.01 0.1 1 10
a (nm™)
E
S
-
S
kst
)
Several S
. (&)}
populations? =
1]
©
?

Too concentrated?

7
10 3 5nm Kugel-Teilchen (dichtes System)
106 ] 5nm Kugel-Teilchen (verdintes System)
E ]
~ 10+
5 1 04_5 M. Yuan et al., Adv. Mater. 2014, 26, 353319
2 ]
o 103
w E
E 4
S 10%-
(=)
E 17
o 10 1 Appearance of
© o structure factor
o 104
KM Pz I
10 T . :
0.01 0.1 1 10
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polydisperse = 20%

SAXS data interpretation can be ambiguous,
especially if the sample is not pure, not dilute
and/or not monodisperse
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Porodexponent

scattering cross section (cm'1)
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Scattering intensity in this region arises from surfaces or interfaces, and is related tc
the particle surface, shape, and/or flexibility

t 2 NRal Sdtes that at high q scattering intensity decays following a power law,

(C N

D is thePorodexponent, and can give some evidence of particle shape, surface,
and/or flexibility

3¢4
2¢3

Hard sphere/sharp interfaces, 3D object, ‘

or a very polydisperse sample

A rougher surface, 3D object

Thin disc, or sheet, 2D object, a more open or
porousmicrosctruture

-,
Needlelike, stiff rods, a fully extended 1D structure .g"’{.
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