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Foreword

ISO (the International Organization for Standardization) is a worldwide federation of national standards
bodies (ISO member bodies). The work of preparing International Standards is normally carried out
through ISO technical committees. Each member body interested in a subject for which a technical
committee has been established has the right to be represented on that committee. International
organizations, governmental and non-governmental, in liaison with ISO, also take part in the work.
ISO collaborates closely with the International Electrotechnical Commission (IEC) on all matters of
electrotechnical standardization.
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Introduction

This document deals with small-angle X-ray scattering (SAXS), which is performed for particle
size analysis in the 1 nm to 100 nm size range. Under certain conditions (narrow size distributions,
appropriate instrumental configuration, and idealised shape) the limit of 100 nm can be significantly
extended. In ideal circumstances, SAXS can determine the mean particle diameter and particle size
distribution, surface area, and sometimes particle shape in a reasonably rapid measurement time. User-
friendly commercial instruments are available worldwide from a number of manufacturers for both
routine and more sophisticated analyses, and state-of-the-art research instruments are available at
synchrotron radiation facilities.

Asinlall particle size measurement techniques, care isrequired in all aspects of the use ofthe
collection of data, and further interpretation. Therefore, there is a need for an Internation
that pllows users to obtain good interlaboratory agreement on the accuracy and reproduc

technique.

instrument,
al Standard
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SAXS
elect
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b a different
ass density.
it does not
e less-dense
way as size
articles can
significantly
uld be used.

can be applied to any hetero-phase system, in which the two or more‘*phases havg
ron density. In most cases, the electron density corresponds reasonably well to the n

is sensitive to the squared electron density difference. For fixéd)volume fractions
matter whether the particles constitute the denser phase and the sglvent (or matrix) is th|
phasg or vice versa. Thus, pore size distributions can be measuréd with SAXS in the same
distrjibutions of oil droplets in emulsions or solid particles in sUspensions. Core-shell-nanoy
also pe investigated, but low density (e.g. organic) shells are not detected if the core has a
high

er density. To obtain the outer particle diameter including the shell, other methods sho

Althgugh SAXS allows the determination of particle siz€;’size distribution, surface area, angl sometimes
particle shape in concentrated solutions, in powders and in bulk materials, this document is limited
to the description of particle sizes in dilute systems. A dilute system in the sense of $AXS means
that particle interactions are absent. In case of long-range interactions (Coulomb forces between the
particles), special care needs to be taken and-a reduction of the concentration or the additign of salt can
be n¢cessary.

Since
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all illuminated particles present.in the X-ray beam are measured simultaneously, SAX
mble and time averaged across all the particle orientations which are present in the sa

hape of the particles camr be assigned to a basic geometry: spheroid, disk, or cylinder. T|
de more detailed infermation about the shape of the particle being obtained. However,
Iculation for more“detailed shape analysis is very complex to be included in an I

S results are
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lard at this timé~The sizes of irregularly shaped nanoparticles can be assessed by the radius of

ion (R,) as obtained by classic Guinier analysis.

ize and size distribution of particles with basic shapes (sphere, disk, cylinder, core-sh
terminedfrom curve fitting for relatively narrow size distributions. The reliability of
culation for broader distributions depends on prior knowledge of the distribution.

ell, etc.) can
the method
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Thisldecumentassumesisotropically oriented nanoparticles of any shape testprocedure. No
dimension of the nanoparticle shall be larger than defmed by the scattering accessible to the specific
SAXS instrument. This generally limits the largest measurable particle size of the conventional
technique to 100 nm, although this limit can be significantly extended in samples with a very narrow
size distribution.

o
o

Small-angle neutron scattering is not described in this document but can be used without restriction
because the theory and application are similar.

A list of suitable references for further reading is given in the Bibliography.
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Particle size analysis — Small angle X-ray scattering (SAXS)

1

Scope

This document specifies a method for the application of small-angle X-ray scattering (SAXS) to the
estimation of mean particle sizes in the 1 nm to 100 nm size range. It is applicable in dilute dispersions
where the interaction and scattering effects between the particles are negligible. This document

desc

Carlg-based data fitting, the indirect Fourier transform method and the expectation

metH

clearly in the report. While the Guinier approximation only provides an estimate’for the
diameter, the other methods also give insight in the particle size distribution,

2
The

Normative references

following documents are referred to in the text in such a wag)that some or all of t

constitutes requirements of this document. For dated references, only the edition cited
unddted references, the latest edition of the referenced document (including any amendme

ISO 46824, Particle characterization of particulate systems- Vocabulary

[SO/T'S 80004-2, Nanotechnologies — Vocabulary — Part 2: Nano-objects

3

L

[erms and definitions

For the purposes of this document, the tetms and definitions given in ISO 26824, ISO/TS {§
the fpllowing apply.

ISO gnd [EC maintain terminological-databases for use in standardization at the following z

3.1

ISO Online browsing platform: available at https://www.iso.org/obp

IEC Electropedia: ayailable at http://www.electropedia.org/

partjcle
minyte piece of ' matter with defined physical boundaries

Note

1 to entty: A physical boundary can also be described as an interface.

Note R&oyentry: A particle can move as a unit.

"ibes several data evaluation methods: the Guinier approximation, model-based datafitfting, Monte-

aximization

od. The most appropriate evaluation method is intended to be selected by thefanalysft and stated

ean particle

heir content
applies. For
hts) applies.

0004-2 and

ddresses:

Note 3 to entry: This general particle definition applies to nano-objects.

[SOURCE: ISO 26824:2013, 1.1]

3.2

particle size

X
d

linear dimension of a particle determined by a specified measurement method and under specified

mea

surement conditions

Note 1 to entry: Different methods of analysis are based on the measurement of different physical properties.
Independent of the particle property actually measured, the particle size is reported as a linear dimension, e.g. as
the equivalent spherical diameter.

© IS0 2020 - All rights reserved
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Note 2 to entry: Examples of size descriptors are those based at the opening of a sieve or a statistical diameter,
e.g. the Feret diameter, measured by image analysis.

Note 3 to entry: In ISO 9276-1:1998, the symbol x is used to denote the particle size. However, it is recognized that
the symbol d is also widely used to designate these values. Therefore the symbol x may be replaced by d.

3.3

radius of gyration

R,

square root of the ratio of the moment of inertia to the particle mass

Note 1 to entry: Guinier radius (i.e. radius of gyration) is expressed in nanometres. Typical average radii are in

the range of 1 nm to 50 nm.

[SOURCE: IS0 26824:2013, 10.2]
4 Symbols

Symbol |Description Unit
HVS Volume-squared-weighted mean particle diameter nm
anum Number-weighted mean particle diameter nm
Gint () Intensity-weighted particle size distribution

Inum @) Number-weighted particle size distribution

9ol Volume-weighted particle size distribution

Iout Frimary beam intensity with sample

Iy Frimary beam intensity without sample

1(q) Jcattered intensity (or scattering intensity)

M Number of degrees of freedom in fitting

N Number of particles

P(q, 1) Rarticle form factor as functions of g-value and particle radius, r

q Mi)mentum transfer or g-value;magnitude of the scattering vector given by nm-lL

q =4m/Asin(6)

Qmin Jmall angle resolution, minimum accessible g-value nm-!
Qmax Maximum accessible.g=value nm-!
r Rarticle radius nm
R, Radius of gyration (Guinier radius, see A.4) nm
to (PptimumSample thickness mm
T Transmission

1% Volune of particle nm?3
20 Scattering angle deg or rad
A Wavelength of the incident X-rays in vacuum nm
u Linear absorption coefficient mm-1
p(r) Electron density distribution nm?3
o Standard deviation of size distribution nm

5 Principle of the method

When electromagnetic radiation passes through matter, a small fraction of the radiation may be
scattered due to electron density differences in the matter. The scattered radiation intensity profile (as
a function of the scattering angle or momentum transfer, q), contains information that can be used to
deduce morphological characteristics of the material. When X-rays are used to probe a geometrically

2 © IS0 2020 - All rights reserved
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ordered group of particles or molecules (“crystals”), the well-known X-ray diffraction patternis obtained
at wide scattering angles, which can be used to characterize the unit cell and lattice constants of such
crystalline material. In the small-angle regime (typically 26 < 5 °; wavelength dependent), information
on the particle or pore dimensions within the material is available from the elastic scattering arising
from the electron density contrast between the particles and the medium in which they reside. This
is analogous to static light scattering and small-angle neutron scattering. A diagrammatic form of the
angular dependence of the X-ray scattered intensity of a titanium dioxide mixture (rutile and anatase)
is shown in Figure 1.

0,1 1 10 100 X
Key
X  4cattering angle 26 (in degrees)
Y intensity
1 $AXSrange
2 XRDrange

Figure 1 — X-ray scattering diagram illustrating the small-angle SAXS region (left hand side) and
thie wide-angle XRD (X-ray diffraction) region (right hand side) of a titanium dioxide powder

At lgw concentration, the small:angle scattering region contains information about fhe particle
morphology, which may be evdluated to extract either the particle size (distribution), or pafticle shape.
Only|in very few cases is it\possible to obtain both size and shape information. Different regions in
q ar¢ dominated by signals from a particular length range, and so can contain distinct {exploitable)
information aspects. Inthe low-q range, the Guinier approximation can be applied as an indicative
metHod to get an intensity weighted mean size, provided the particles are smaller than 2mfq,,;,. Model
fittirlg can be applied in the full range of g to compute a traceable particle size and size distribution
with|associated\unicertainties. Both methods can fail depending on data quality and particl¢ properties.

Atinfreased.concentrations, i.e. those higher than typically one volume %, particle-particlefinteractions
and inter-particle interference can be relevant. Such interactions require sophisticated data modelling
and gxpert knowledge for data interpretation, which is beyond the scope of the present document.
In practice, a concentration ladder may be explored to determine the dependence of reported size on
concentration. If available, each sample shall be measured twice: in its original concentration, and
diluted 1:1 to allow identification of concentration artefacts. The result of both measurements shall be
arithmetically averaged and the uncertainty enhanced by the variation. If dilution is not possible for
technical reasons, this shall be stated in the report. In particular, the Guinier approximation is highly
sensitive to concentration-induced scattering effects.

6 Apparatus and procedure

A diagrammatic form of a SAXS instrument is shown in Figure 2.

© IS0 2020 - All rights reserved 3
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Key
X 20o0rqg
Y scattere:r intensity
1 X-ray soyrce
2 optics
3 collimatjon system
4  sample
a  26.
Figure|2 — Diagrammatic form of a SAXS instrument, consisting of X-ray source, optics
collimation system, sample holder, beam stop,.and X-ray detector
The SAXS get-up consists of X-ray source, optics, collimation system, sample holder, beam |stop,
and detectqr. In order to extract meaningful information from the measurement, the following key
parameters|define the capability of the system:
— g-rangef q,,;, and q,,,,; number of sampled points in the Guinier region for Guinier approximation;
— detector sensitivity and system background. noise.
Mostavailaljle X-ray sources produce divergent beams which shall be collimated for SAXS measurements.
With laborafory X-ray sources, multilayer optics are commonly used but basic SAXS measurementf can
also be achieved with slit collimatipn..The X-ray flux on the sample is generally higher when optjcs is

used. Furth(

The greates
the scattere
stop and pa
beam make;j

There are ty

ermore, multilayer coated optics can be used to generate a monochromatic X-ray beam|

L challenge in SAXS is to separate the unscattered, transmitted beam (“direct beam”)

rasitic scattéring should be eliminated. The need for separation of primary and scatf
collimation of the primary beam mandatory.

Vo mainoptions to collimate an X-ray beam (see Figure 3).

from

d radiation atismall angles (around 0,1°). The direct beam is normally blocked by a heam

ered

Point cqllimation systems have multiple pinholes or crossed slits that limit the shape of the K-ray
beam to a low divergence and a small dimension (typically, the beam spot on the sample is less
than 0.8 mm in diameter). The scattering is normally centro-symmetrically distributed around
the primary X-ray beam. For isotropic samples, the scattering pattern in the detection plane
perpendicular to the X-ray beam exhibits circular contour lines around the point of incidence of the
primary beam. The illuminated sample volume is smaller than in line-collimation. Point collimation
allows the study of isotropic and anisotropic systems.

Line-collimation instruments confine the beam in one dimension so that the beam profile is a long
and narrow line. The beam dimensions can be adapted to accommodate a given sample geometry.
Typical dimensions are 20 mm x 0,3 mm. The illuminated sample volume is larger compared to
point-collimation and the scattered intensity at the same flux density is proportionally larger. If
the system is isotropic, the resulting smearing can be reverted using a deconvolution procedure,
albeit at the cost of magnified uncertainties of the observed intensities. The investigation of

© IS0 2020 - All rights reserved
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anisotropic nanostructure with such line-collimated instruments is not as straightforward as for

point collimation.

In addition, both the point and line collimation systems can use either a parallel or focused beam (see

Figure 4).

The scattered radiation (containing the morphological information, as described in Clause 5) forms a
pattern that contains the information on the size and structure of the sample. This pattern is detected
typically by a 1-dimensional or 2-dimensional flat X-ray detector situated behind the sample and
perpendicular to the direction of the primary beam. Some multipurpose diffractometers that combine
SAXS and dlffractlon use a scannmg pomt (0 dlmensmnal) detector Detector classes commonly used

includ
distd

Key
1 X-yay source

2 collimation system
3 sample

groblematic/

p@ detectors.
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1
I
N |

a) Parallel beam

Key
1 X-ray sour
2 mirror

3 sample

7 Prelin

Wavelength
would be cl
If character
absorber ca
Zirconium fj

—_

3

&,2[}(

2

b) Point (2D) or line (1D) focused beam

Ce

Figure 4 — Focused and parallel beam set-up

linary procedures and instrument set-up

calibration (see Annex B) can pée-performed before conducting an experiment and

istic X-ray emission lines (e.g. copper Ka or molybdenum Ka lines) are used, a sui
n be used to check that the right emission line has been selected correctly (Nickel for C

a full systenmn qualification and fit-for-purpose specification as noted in Annex B.

Only if, in 4

concentrati
absolute un
water and

of calibrate
detector. Th
due tother

n or volume)fraction of scatterers is to be determined, the intensity shall be scal

thus

hssified as a preliminary procedure, but this is only required for polychromatic soyrces.

[table
u Ka,

br Mo Ka). Utilization of\a’ calibration material, such as silver behenate, should form p4rt of

ddition to the~mean particle diameter and the particle size distribution, the (absqlute)

bd to

its. For this’purpose, a variety of auxiliary calibration materials are available, inclyding
blassy_carbon. Alternatively, some instruments can determine this directly by nleans

1 detectors, or measurement of the unattenuated primary beam intensity on the

bAXS

eAlse 'of semi-transparent beamstops to measure the beam intensity is not recommejnded

didation hm‘dpning effects of such _which can lead ta inaccurate values

All calibrations should be described in the analysis report.

8 Sampl

e preparation

Sample preparation is simple and fast for SAXS measurements. The required sample volumes are small,
typically in a range of 5 pl to 50 pl for liquids and pastes, if copper radiation is used. Solid samples
require an area of (1 x 1) mm? to (1 x 20) mm2. The sample thickness is typically smaller than 1 mm and
can be tuned to optimize the scattering and limit the X-ray absorption, depending on the composition of

the sample.

Liquid samples are usually measured inside a thin-walled capillary, the diameter of which is typically
between 0,5 mm to 2 mm when the liquid primarily contains water or hydrocarbons. Solvents that

6
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contain heavy atoms, for example, chlorine in chloroform, should be measured in smaller diameter
capillaries as the atoms strongly absorb the incident radiation, or higher energy radiation should be
used. Viscous samples can be measured better in a paste cell. It is strongly recommended to measure
liquid samples in a re-fillable or flow-through container, as this greatly reduces the risks of errors
encountered in the background subtraction procedure (incorrigible effects may lead to inaccurate
subtraction if non-identical sample containers are used for the two measurements).

Pastes, powders, and vacuum sensitive materials can be mounted into a sample holder with windows,
which shall be transparent to X-rays and exhibit little scattering themselves. Frequently used window
materials include polyimide films, mica or silicon nitride (see Reference [18]). Care should be taken
that the scattering from the window material does not affect the result of the measurement and can
be ajjpropriately subtracted. For example, polyimide 11lms exnibit a broad small-angle ditifaction peak
in thle vicinity of g approximately 0,7 nm~1, which shall be correctly subtracted in the’[background
subtraction procedure.

Solid|
vacu
(see

against the
he material

s can be clamped onto frames with or without additional window foils for(protection
um. The sample thickness shall be chosen in line with the respective ahsorption of
Reference [17]). The optimum thickness, t,, is given by

i

e u is the linear absorption coefficient of the material,> The optimum specime
bsponds to a ratio of the primary beam intensity with anéd/without sample, I, and [; ,,

loJ

)

n thickness
hf:

whet|
corrg
1 —e Ht =¢ 1379 (2)

out /Iin

Thug, the ideal specimen will transmit about 37 %.0of the incident radiation, and the specimen thickness
can pe adjusted accordingly to optimize tramSmission. Any sample pre-treatment (fpr example,
dilutjon, sonication, annealing or centrifugation) may affect the particle size distribution and should be
described in the analysis report.

easurement procedure

Every SAXS particle-sizing experiment consists of at least two measurements using the same sample

hold¢r and preferably the same acquisition time:

a) 4 sample measuremént (containing signals from the particles, the solvent or matrix, th¢ sample cell
indows, the parasitic instrument radiation, background radiation and detector noise]);

b) 3 background'measurement (containing signals from the solvent or matrix, the (same] sample cell

indows;. the parasitic instrument radiation, background radiation and detector noise].

e difference

n Figure 5.

g ic scattermg

of the SAXS instrument, and the dark count rate of the detector are removed. The transmission from

the sample and background/matrix material and efficiency variation over the detector shall be taken
into account.

© IS0 2020 - All rights reserved
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10t

10-2 ] I I |

Key
q (in nm[-1)

scatterefl intensity (in a. u.)
solvent

particle [scattering

w N R =< X

particle dispersion

Figure 5 — Typical SAXS profiles of a particle dispersion, the solvent and the difference (the
corrected signal only due to particle scattering)

The statisti¢al quality of the scattering pattern improves with increasing intensity and complies|with
standard stqtistics for signals 6btained by the subtraction of two independent measurements.

10 Data cprrection‘procedures

As the data analysisiivethods are sensitive to the quality of the data, the scattering signal of the sample
shall be carefully’extracted from the total measured signal. These correction steps are perfoymed
by the softyware provided with commercial instruments, or through custom software. At best,|they
propagate thedataunecertainties—thr Uusll the—correction atcyo, u::bultiug tmrafirat-data—setcomplete
with uncertainty estimates on the data points.

The minimum amount of data corrections to be considered or applied by this software to the data
before background subtraction are corrections for: invalid pixels, dark counts, time, X-ray flux and X-ray
transmission. This is followed by the background subtraction (complying with standard statistics
for signals obtained by the subtraction of two independent measurements). After the background
subtraction, a normalization for sample thickness can be performed, as well as an optional scaling to
absolute intensity units. These corrections may be combined in their implementation, but a discussion
of the separate implementation is described in Reference [24]. An overabundance of data points may be
reduced using a binning procedure. For size-disperse samples, 100 bins per decade of q are typically
sufficient. These bins may be linearly or logarithmically spaced.

8 © IS0 2020 - All rights reserved
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For the analysis report, it is sufficient to mention the applied corrections, and the software name and

versi

on they have been applied with.

11 Calculation of the mean particle diameter

11.1 General

After background subtraction and desmearing (if required, see Annex A), the mean particle diameter
can be estimated according to two different approaches.

11.2

For t
plot)

1

whid

e

A str
then

For
diam

(Y

Guinier approximation

he Guinier approximation (explained in detail in A.2), In(]) is plotted as a funCtion o
As the scattered intensity at very small angles is approximated by a Gaussian\functio

_ 179
(@)=1, eXp[—gqu }
h can be transformed to
n[I(q)]=In[] ]—lRZ 2

aight line can fit the data in the Guinier region whicli1s typically up to gR, around 1.
12
equal to _ERg

monodisperse homogeneous spherical pagticles, the volume-squared-weighted mg¢
eter can be calculated from R, according to:

1 5
-2 x,

rding to ISO 9276-2 and Reference [3], c_IVS corresponds to 58 e and X, ..

e are several caveats which concern the validity of this approximation. Firstly, if a

relat
requ

found in the Guiniér region, the approximation does not apply, and no values can b

—_

onship in.the Guinier region is no guarantee for applicability, Data analysis accordil
red beyond this point, using the Guinier approximation values as an optional guide.

" g2 (Guinier
N

(3

(4)

The slope is

pan particle

(5)

straight line
e estimated
-site review
broximation
dly, a linear
ng to 11.3 is
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11.3 Model fitting

For model fitting, the full range of q can be fitted by a model function for a polydisperse ensemble of
particles according to:

1(9)=NAP? | "P(4,) Gyupn (r)drc ©)
For homogenous spheres, the form factor is given by:
2
in, .
P(q’r)—( 3 (Jllll,ll LII \,UDD[I ) (7)
La )
The most common distributions are lognormal and Gaussian. A Gaussian size distribution is desetibgd by:
- 2 - 2
(r-d_/2) w (p—d_._/2)
Ty () =exp| 2B [ Texp| B (8)
202 0 202
and a lognoigmal distribution can be written as:
2
Inr—In 1 di,
1 2
Inum (r === &xXp| — 2 9)
V2mroyy, 200y
where the njean diameter Jln can be transformed to the-number-weighted mean particle diametef of a
Gaussian distribution Enum according to:
_num :aln exp(o-lzn /2) (10)
N, ¢, the stapdard deviation of the size distribution (o or 0 ,) and the mean particle diameter (Emm or
c7ln) are thelfit parameters. From the determined size distribution, the volume-weighted and intensity-
weighted mean particle diameters.can also be calculated.
According to ISO 9276-2, Enum corresponds to 510 and X, ;.
Information| on the particle/size can also be obtained from other evaluation methods in real spage or

Fourier spaq

12 Size di

e as explained in A.5.

stribution determination

12.1 Limitations of size distribution determination from SAXS data

When considering the analysis of scattering patterns with the intent to extract size distributions, there

are several |
a)
b)
c)

imitations to consider. The main limitations include:

the upper and lower size bounds, as defined by the data limits;

the practical necessity for uncertainty estimates on the data;

size distribution; and

d)
address

10

ed.

the required assumptions on the scatterer shape and (in some cases) the mathematical form of the

the inherent size-weighting of information in the SAXS data. These limitations will be briefly
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The range of dimensions that can be probed with SAXS is in general limited by the measurement range
(a second, less common limitation to the upper limit in size is given by the transversal coherence
length of the radiation). The maximum and minimum probed dimensions are defined in Formula (A.3).
Information obtained beyond these limits may not be grounded in actual data, but rather will be present
due to the assumptions made.

In the data fitting procedures described herein, the agreement between the model and the measured
data are normalized by the uncertainty estimates of the measured data values. While it is technically
possible to bypass the normalization, such a circumvention is strongly discouraged as it can easily
lead to overfitting and misinterpretation (skewed weighting) of the information. The normalization by
the uncertainty ensures that the data are weighted by the accuracy of each individual data point, and

furth

Due
infon
obta
scatf]

on the mathematical form of the size distribution (typically log-normal, Gaussian or Sch

This
extel
assu
solut

The
angld
limit]

particles with homogeneous electron density and natrow size distribution, the volume-w

the n
distn

12.2

The

fittin
math
free,

12.3

ermore helps prevent overritting due to 1ts provision of a clear cut-oif criterion.

to the information loss inherent in the process of small-angle scattering, additio]
mation shall be provided in order to arrive at a unique solution. The information
n a size distribution includes a shape assumption (globular by default), an a§sumption
erer interaction (dilute, i.e. no interaction by default), and, for one of the\methods, an

information can be either assumed (on the basis of reasonable. expectations) or
nal methods (e.g. microscopic methods). For mixtures of scatterers’differing in shapg
mptions (or rather provision of external information) may still allow an arrival at
ion.

bxact contribution is dependent on the shape of each scatterer, the measurement ra
e-dependent collection efficiency of the instrument. Theoverall effect, however, is thatt
s of small scatterers deteriorates with increasing ‘presence of large scatterers. F

umber-weighted size distribution can be obtained. For other particles, the number-w
ibution is not easily accessible without addifional assumptions (see Reference [25]).

A brief overview of methods

methods are separated into model-based and non model-based methods. The mode
g is the easiest to implement but requires the assumption both the scatterer shape a
ematical form of the distribution. The non model-based methods can derive the distril
requiring only the assumption on the general shape of the scatterer.

Goodness of fiti-evaluating fits

hal external
required to
on the inter-
assumption
jultz-Zimm).
brovided by
, very strict
the correct

hge, and the
he detection
br spherical
eighted and
eighted size

-based data
E well as the
bution form-

For all fitting methods, the agreement between the data [I,.,.(q)] and the model [I,44;(g)] can be
evalyated usingithe reduced chi-squared value (;(rz ). This value is large for a large discrepaincy between
the two, butapproaches unity when the model fits the data on average to within the uncertginty [ o (qi )
] of the data: For most data fitting methods, the reduced chi-squared value is used in the gptimization
procedure directly. The calculation of )(rz follows:
2
N
2 1 . Imeas (qi )_Imodel (qi )
Ng-MiH o(q;)

where N, denotes the number of data points, M denotes the number of degrees of freedom in the fitting
procedure, and i denotes the index of a given data point.

12.4 Model-based data fitting

In the model-based data fitting procedure, the goodness-of-fit value is minimised (and thereby the
agreement between model and data maximized) by adjusting a limited number of parameters of a model
function. One common model function describing the scattering of a sample containing size-disperse
scatterers is given in Formula (6), combining the form factor of a particularly shaped scatterer with a
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monomodal, single-parameter size distribution. This equation is evaluated numerically to compute the
model scattering function.

There are several minimization methods available to find the model parameters that minimize the
goodness-of-fit. The most common of these is the Levenberg-Marquardt nonlinear least-squares solver,
for which libraries are readily available. This minimization method furthermore provides uncertainties
on the final values of the (minimised) fit parameters. However, it may become unstable when models
are fitted with many parameters in complex models. For this reason, modern, more stable adaptations
of the Levenberg-Marquardt methods should be implemented where possible.

The model-based data fitting procedure is the most commonly implemented data analysis method in

SAXS and ¢
programs d
therein. Hoy

Firstly, the
information
particular fi
the scattere

Starting pa
minimum, 3
reached. As
scattering p
It is therefo
shape as we
be given ang

12.5 Mont

A Monte C3
mathematic

shape, it can retrieve any size distribution within the size limits dictated by the measurement. T|

procedures

This procedure relies heavily on the goodness of fit measure and is therefore reliant on the proy

of represent
behaviour

than the ce
proportiona
unable to pd

scatterers. T

the informa

In such pro

1T bC fuuud IIravv ldU vdl lCL_y Uf fl CC aud UPUII SUUILU da\.a fILLllls DUfLVVCll C }Jl Usl allls. 1
jfferentiate mostly in the datatypes they can read, and the models that are implemg
vever, each of these programs requires the selection of several assumptions.

scatterer shape model needs to be selected. The choice of model is ideally drive
from complementary methods. Secondly, the variable dimension needs tothe assignec
rm of the distribution (often, the form can be assumed based on the formation procg
's). A fitting range and variable constraints can optionally be added.!

Fameters can lead the minimization method to a local minimum rather than a g
nd a variety of starting parameters needs to be chosen tp ensure a global minimu
for uniqueness, any number of combinations of shape and/distribution may fit a meag
attern, and it is tempting to assume that the combination leading to the best fit is cof
re important to realize that it is theoretically impossible to retrieve information on
| as the mathematical form of the distribution. One ofthese two parameters shall ther
| supporting information shall be provided on whythis choice was made.

e Carlo-based data fitting

rlo based data fitting procedure cah:be used to remove the requirement to sel
al form of the size distribution.. Using solely information on the elementary scat

are therefore less reliant on assumptions and are more data-driven.

ative uncertainty estimates. Furthermore, since no assumption is made on the asymg
f the size distribution, extrema of the size distribution carry a higher uncert
htral component, 1.astly, since the representation of scatterers in scattering data ar
| to their amount,/but weighted proportional to their size, Monte Carlo methods are
sitively confirnr'the existence of small numbers of small scatterers in the presence of 1
hey are best'used to determine volume-weighted distributions, which closely approd
Fion content in the measured data.

These
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| to a
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fedOre, the model intensity is described as a summation of many individual contrib

(with each g

ukions

f

ontribution typically the form factor of a single scatterer). In each Monte Carlo iteratjon, a

single contribution of the set is replaced by a newly calculated one. A parameter (typically a size) of the
newly calculated contribution is allowed to vary randomly. If such a replacement leads to a reduction
of the reduced chi-squared value, the replacement is kept, otherwise reverted. Through such trial-and-
error replacements, a combination of contributions can be arrived at, which describes the scattering
intensity to within the uncertainty of the procedure (i.e. when the condition x,2 < 1 is reached). Through
analysis of the spread of the values of the varying parameter, a distribution can be approximated.

An uncertainty on the resulting size distribution can be obtained by repeating the optimization
procedure multiple times. A successful optimization will result in similar results for every independent
repetition. If all results are distinctly different, then the data does not support extraction of the
information on the attempted parameter.
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12.6 Indirect Fourier transform (IFT) method

In the indirect Fourier transform (IFT) based method the scattered intensity is assumed to result
from an ensemble of particles of the same shape (see Reference [12]). The relation between the size
distribution, more precisely the number-weighted distribution of the particles g,,,(r) and the
experimental scattering intensity I(q) is already given in Formula (6).

The IFT method estimates the size distribution by a general approach, the shape of the particles is
assumed to be known a priori. By default, spherical particles are assumed for determining the size
distribution, however, other form factors can be applied for evaluation of prolate or flat particles. For
calculating the size distribution, basic functions (cubic B-splines) are subjected to the scattering
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perimental data. Apart from the number-weighted distribution g, ,,,(r), it is common-{
ntensity- and volume-weighted distributions g;,.(r) and g,,(r) of the dispersed particlg

5 of distributions are related to each other by g, . (r)e< g, (r)rd o G (M T

cattering experiment, intensities are recorded, so calculating the intensity*weighted
ts how much intensity is caused by the individual particles (scatterers). If the analj
sts of a majority of small particles and a minority of a few big ones,most of the scatter
pe caused by the few big particles (due to the re scaling). The low, Seattering intensity ¢
| particles does not reveal their actual number well in an intensity-weighted distribu
olume-weighted distribution illustrates in principle whichi¥olume (concentration) t
by within the irradiated sample volume.

Expectation maximization (EM) method

bxpectation maximization (EM) method (see Reference [5]) is an algorithm that det
listribution by seeking the log-likelihood maximum for these parameters using the e
ering data. When applied to the small angle scattering of nanoparticles, EM provides
distribution offering the highest level of agreement - from the statistical point of
experimental data (see Reference [4]).”Like the Monte Carlo-based data fitting, EN
mptions on the mathematical forim-6f the distribution and the only required user i
e of the elementary scatterer.

size distribution is described on a grid complying with the Nyquist-Shannon cong
rence [32]) imposed by the-data sampling and the maximum of g-values.

of the most important features of the EM method compared to alternative model
bdures is the factthatit exploits the Poisson statistics of the scattering data, which can b
psented using @ phioton counting detector. For normalized intensity profiles, the Poiss
ften lost threugh azimuthal averaging and normalization and therefore are first rest
of experiniental normalized intensities and uncertainties, before applying the algorit

search-for the size distribution is performed within an iterative process, which
hnteed to converge (see Reference [4]). The size distribution is initialized with

pximation to
o determine
s. The three

distribution
ysed sample
ng intensity
hused by the
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he particles
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hput for the
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e accurately
pn statistics
ored, on the
hm.

is formally
a constant

func

ion, then npr‘]nfﬂd at each iteration based on a rule deduced from the npfima]ify c

riterion (see

Reference [4]). Like the Monte Carlo-based methods, the model intensity is described as the summation
of contributions from individual scatterers, weighted by the size distribution. The iterative process is
stopped when the difference between the data and the model intensity is within the expected noise
level in the manner of a Morozov discrepancy principle (see Reference [21]).

The EM-based analysis outputs are the size distributions (either number- or volume-weighted) as
well as the corresponding visibility limit, i.e. the minimum population at a given size that may non-
equivocally be extracted from the data, given the Poisson uncertainty:.

Since EM is formally guaranteed to converge, results are strictly reproducible for a given set on input
data. This excludes the possibility to estimate uncertainties in the manner of Monte Carlo-based
methods. However, uncertainty estimates can be generated by running a set of independent EM
calculations whose input is the model intensity of the exact solution with randomly added Poisson noise.
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13 Repeatability

Repeated measurements of the same sample can indicate if the material is changing during the duration
of the experiment and therefore can be an indicator of degradation under the X-ray beam. Additionally,
sample-to-sample measurements will indicate homogeneity or heterogeneity of the material. Sample-
to-sample heterogeneity and instability of a sample/material over time can only be detected if the
heterogeneity and instability create effects that can be distinguished beyond the method repeatability.
The calibration of the g-axis can be validated for each individual instrument with a suitable calibration
standard. A frequently used material is silver behenate.

14 Docunremtatiomamd testreport

14.1 Test yeport

Test reportq should be prepared in accordance with ISO 9276-1 [3Z] and ISO 9276-2 [38l@iid shall coptain
at least the following information.

a) Arefergnce to this document.

b) The mdan particle diameter d and its uncertainty, including a clealr statement whether| this
represepnts a number, volume, or intensity weighted mean. In thelabsence of a full uncertpinty
evaluat]on, the standard deviation from several repeated measiicements should be provid¢d as
estimatp of the repeatability. ISO/IEC Guide 98-3 [32] can assisthére, but expert judgment may|have
to be empployed.

The standard error of the slope, u-slope, can be obtained as alinear regression analysis output from many
statistical sqftware packages and some graphing calculators. The uncertainty of R, is calculated as:

tipg ==3(Ugtope )/ (2Ry ) (12)

The slope itpelf, its uncertainty ug,,.

and the\corresponding ug, can vary with the part of the Guinier
region that is selected for analysis.

c) If a parficle size distribution is ip€luded, the assumptions in deriving this distribution shou]d be
explaingd in a short description: A-graphical plot should be in accordance with ISO 9276-2 [38]

d) The complete sample identification, including available information on particle shape| and
homogeneity. Electron mictographs, where relevant and informative, can be included in order to
convey Information or{particle shape, degree of dispersion, crystallinity, and other visual indichtors
that areg not easily cofiveyed in graphical or tabular data.

e) Applied data evalvation [Guinier approximation, model-based data fitting, Monte Carlo-based|data
fitting, indiréet Fourier transform (IFT) method or expectation maximization (EM) method].

f) Form facter and size distribution if model fitting is used

g) Results including mean diameter and uncertainty for two samples of differing concentration (if
available).

h) Range of g selected for evaluation.

14.2 Technical records

In addition to the information given in the test report, the following information on the measurements
should be documented in line with the provisions on technical records as stated in ISO/IEC 17025 [40],
These records shall be readily retrievable and should be provided to the customer on request:

a) instrument type and serial number;
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b) dispersion and dilution procedures, including nature, concentration and quantities of liquids and
their cleaning procedure, if applicable;

c) concentration of particulate material in the dispersions, if applicable;
d) measurement conditions;
e) temperature of the sample;

f) analystidentification (name or initials).
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The observg
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:2020(E)
Annex A
(informative)

General principle

interpretation

d, corrected scattered intensity for a dispersed, non-interacting analyte is related-t
tering through:

b the

2
Iparticle q)=NI|F (q)| (A1)
where the s¢attering amplitude, F(q), is defined as follows:
F(q)szp(r)eiqrdV (A.2)
14

It depends ¢n the particle shape. The electron density contrast, Ap(r); is the difference betwee

scattering l4
The form fa|
particle.

Ideally, resd
documented
range of sc3
sampling fr

ngth electron densities of the scatter and the matrix, and V is the volume of the partic
ctor P(q)=|F(q)|2 contains information on electrgn density distribution and shape g

lution is tested with an appropriate referenice material or mixtures of known and
materials. The limitations are governed-by the wavelength of the utilized radiation an
ittering angles between which the scattering pattern is reliably sampled, as well a
equency. While the upper size limit is strictly determined by the sampling resol

h the
e.[14]

f the

fully
d the
5 the
1ition

min(Aq) bgtween which non-correlated signals can be extracted, in practice (i.e. when the beanstop
size roughly matches the dimensionstof- the primary beam), the following approximationg are
appropriate
A scattering profile measured betwéen q,;, and q,,,, can be used to resolve particle features |with
length scale|between d,;, and d5; when:

dmin =2 w/qmax and dmax zzn/qmin (A.3)

where q = 4
scattering a

hgle defined by the direction of the incident beam and the viewing direction of the detq

The challen|

/A sin(@))is the momentum transfer defined by the wavelength of the X-rays and the 26

ctor.

pe-is to reach a small g,;, without measuring the intense direct beam. The beam

size,

the quality of the collimation system, and the alignment of the beam stop are the main factors that
determine the possible q ;..

In general, there are three possible notable influences on the data from the used SAXS instrument:
beam-dimensions (beam length and beam width), detector cross-talk (point-spread functions) and
wavelength distributions.

With respect to beam dimension, for point-collimation instruments desmearing of the data are normally
not required (assuming an ideal round, non-elongated point). Therefore, the experimental data can be
directly used for data modelling or Guinier’s analysis.

When using line-collimation instruments, care has to be taken to account for the presence of
instrumental broadening, i.e. the line-collimated beam. For evaluating experimental data measured in
line collimation it is recommended to use only evaluation software, which is capable of dealing with
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the specific instrumental conditions. There are two ways of implementing these requirements, which
includes:

a)
b)

desmearing of experimental data, and

smearing of theoretical fitting functions.

Both methods are generally possible, however, in this document the second method is recommended as

itis

more reliable.

Small-angle neutron scattering is not included in this document but can be used without restrictions

a)

b)

A.2
The

particle to its centre of gravity of the electron distribution.

J.rz p(ryav
RZ=Y
8 j p(r)dv
\%
whete p(r) is electron density. The pair-distance djstribution function (PDDF) p(r) of the pa

and

integ
partj

Parti
fittin
radii

whel|

if the distinction between two phases 1s made on the basis of the scattering-length dg
dtomic nuclei, rather than the electron density, and

q

¢valuation procedure.

Calculation of the radius of gyration from Guinier plot

radius of gyration is defined as the root-mean-square of the distances from all the eled

p(r>:< | Ap(ﬁ)Ap(ﬁ—f)%>
%4

Ap(§)=pparticle (5)=Pgopvent 45 the relative electron density inside the particle at pos
ration is taken over the whole particle volume V. The angled brackets indicate avera
cle orientations relativé to the primary-beam direction.

cle shapes deviatingfrom spherical can be modelled by spherical harmonics which are
g by a range of different algorithms. Obviously, particles of different shapes can poss
of gyration aiid the value of R, cannot distinguish between these. For spherical partic

R, =(3/5)7r

bnsity of the

if the usual wavelength-distribution width of about AA/A, approximately 0yl is included in the

trons in the

(A4)
rticle:

(A.5)
ition 5. The

ring over all

amenable to
bss identical
es:

(A.6)

er.iS the radius of a homogeneous spherical particle.

Thus, radii of gyration shall be multiplied by (5/3)1/2 = 1,29 to obtain the radii of the equivalent
spheres.
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Similarly, it can be shown that the radius-of-gyration equivalence for a homogeneous circular cylinder/
disk of radius R and height L is:

R, =\RZ /2+12 /12 (A7)

The shape of the scattered intensity decay at very small angles is approximated by a Gaussian function

I(q)=1, exp[—%Réqz} (A.8)

foriaaana IEEEZ 1
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and R, is terimed radius of gyration (Guinier radius).

For further finalysis, Formula (A.8) is used in its logarithmic form, leading to the linear equation:
122
In[I(q)]=In[1, :|—§qu (A.9)

in order to determine R, and the intensity at g = 0 from the experimental curvésyIn this case, In [I(g)] is
1
plotted as a function of g2. If a straight line can fit the data, the slope is equal'to —§R§ and the intefcept

is In [Io]. Note that the Guinier approximation is valid only for small gR,,

Y

27T E _In[l
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o

Key
X g2 (innp-2)

Y In[i(q)]

=

Figure A.] —<Guinier plot for calculation of particle’s radius of gyration R, and the zero angle
intensity [, F

In the above example, the slope is calculated as:
1/3 % Rg2 = (7,52 - 6,88) / (0,132 - 0,012) nm?
Thus, Rg is 4,0 nm.

If the data points do not lie on a straight line, as will be the case for irregular particles or polydisperse
samples, then the Guinier approximation cannot be used, and the calculation of particle size and
distribution needs to be performed using the other methods in this document.

At very small angles the data points in Figure A.1 suddenly drop below the fitted straight line. This is
caused by the beam stop and indicates the low-q limit of the measurement.
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A.3 Calculation of the mean diameter from model fitting

The entire g-range can be used to fit the data. The mean particle diameter results from the fit. For
homogeneous spherical particles, only the radius determines the period of the oscillations which are
observed for sufficiently monodisperse particles. The amplitude of the oscillations is decreased with
increasing width of the size distribution. For gold nanoparticles shown as an example in Figure A.2,
a number-weighted mean diameter of (25,3 + 0,5) nm was obtained. For homogeneous spheres, the
uncertainty of the diameter is dominated by the fitting procedure.[20]

Y

108

107

10°

10°

104- i 1 1 1 1 1 1 ;

005 01 02 03 05 1 X
Key
X g (innm-1)
Y scattered intensity I(q)
— measured
_______ fit
Figure A.2 — Measured scattered intensity and fit using the form factor for homogeneous
spheres with aGaussian size distribution (from Reference [19])

A.4 | Particle shape
Every particle can bé<described by a form factor that is characteristic of the structure of the particle.
Accufrate shape determination from SAXS data are possible for very narrow size distributions. The slope
of the form factorat small angles (where gR, < 1) is primarily determined by the overall gize (Guinier
regidn) and thefinal slope at large angles is indicative of the surface (Porod region). The osdillating part
in the middle section of the form factor (Central or Fourier region) bears additional informjation on the
shapg and the internal electron density distribution:

© IS0 2020 - All rights reserved 19


https://standardsiso.com/api/?name=e116c97867f055c19e62946ef57a094d

ISO 17867:2020(E)

1 2 3
- % N7 A N A N
Y

O

O

é- 1 1 1

X
Key
X ¢ (innm-!
Y scattered intensity I(q)
1 Guinier region
2 central or Fourier region
3 Porod regipn
Figure A{3 — Information domains of aparticle form factor are Guinier, Fourier, and Porod
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sification into globularfcylindrical, and disk shapes (with axial ratio larger than 5) c{
ormed by investigating the power law of the form factor at small angles (see Figure A.
arithmic plot, an initial slope of -1 or -2 indicates cylindrical, or disk shape respectiv
this region is stéeper (-3 or —-4), the particles are too large to be resolved. This meang
form factor istoo close to the primary beam and the Porod region is the only part d
fhat is expesimentally accessible.

ng part-of the form factor can be profitably investigated by curve fitting or transfor
hg pattern into real space by Fourier transform methods. The resulting curves are d
eCdistribution functions (PDDF’s). A PDDF is a histogram of distances that can be f
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alled
pund

By identifying key features in the PDDF, the shape of a particle can be quickly classified into

a)
b) prolate

c)

spherical or globular;

or cylindrical; and

oblate or lamellar symmetry.

Three typical cases listed above are shown in Figure A.4.

20

Icle. Fourler region also 1s called as central, CroSSOVer, shape regions (see Reterences [10]

© IS0 2020 - All rights reserved


https://standardsiso.com/api/?name=e116c97867f055c19e62946ef57a094d

ISO 17867:2020(E)

Key

o O

e S
L 1
Dy,
T

r q
Figu

It is
secol

D
1
D
0
r
Py 0
D
. 1A
~ L
- 0
.
Dy,

ITI

1
T
Dy
0

maximum length of the objects, diameter of spherical object

ection diameter of the elongated object
ength of the elongated object

liameter of the oblate object

hickness of the oblate object

listance from the centroid of the objéct

re A.4 — Key features of the PDDF indicating spherical, cylindrical, or lamellar pa

romparatively easy-tarecognize the PDDF’s of two subunits’ arrangements as these
ndary peak as in Figure A.5.

A m..

rticle shape

will show a

Key

r distance from the object centroid

Figure A.5 — The aggregates of two subunits produce PDDF’s that can be recognized by the

© ISO

second peak

2020 - All rights reserved

21


https://standardsiso.com/api/?name=e116c97867f055c19e62946ef57a094d

	Foreword
	Introduction
	1 Scope
	2 Normative references
	3 Terms and definitions
	4 Symbols
	5 Principle of the method
	6 Apparatus and procedure
	7 Preliminary procedures and instrument set-up
	8 Sample preparation
	9 Measurement procedure
	10 Data correction procedures
	11 Calculation of the mean particle diameter
	11.1 General
	11.2 Guinier approximation
	11.3 Model fitting
	12 Size distribution determination
	12.1 Limitations of size distribution determination from SAXS data
	12.2 A brief overview of methods
	12.3 Goodness of fit: evaluating fits
	12.4 Model-based data fitting
	12.5 Monte Carlo-based data fitting
	12.6 Indirect Fourier transform (IFT) method
	12.7 Expectation maximization (EM) method
	13 Repeatability
	14 Documentation and test report
	14.1 Test report
	14.2 Technical records
	Annex A (informative)  General principle
	Annex B (informative)  System qualification
	Bibliography

