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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 International Standard deals with Small-Angle X-ray Scattering (SAXS), which is performed
for particle size analysis in the 1 nm to 100 nm size range. In ideal circumstances, it can provide an
estimate of particle size, average size and its 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.
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ron density. In most cases, the electron density corresponds reasonably well'‘to the n
o-called ‘particle’ is always the phase with the smaller volume fraction. Begause SAXS
e squared electron density difference, it does not matter whether the particles constituf
e and the solvent (or matrix) is the less-dense phase or vice versa(Thus, pore size d
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Althgugh SAXS allows the determination of particle size, size distribution, surface area, angl sometimes

particle shape in concentrated solutions, in powders and in bulk'materials, this Internatior
is limited to the description of particle sizes in dilute systems. A dilute system in the se|
means that particle interactions are absent. In case of longrange interactions (Coulomb for
the garticles), special care has to be taken and a reduction of the concentration or the adg
might be necessary.
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Small-angle neutron scattering is not described in this International Standard, 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

1

Scope

Small-angle X-ray scattering (SAXS) is a well-established technique that allows structural information
to be obtained about inhomogeneities in materials with a characteristic length from 1 nm to 100 nm.
Under certain conditions (narrow size distributions, appropriate instrumental configuration, and

ideallised shape) the limit of 100 nm can be significantly extended. This International Standard specifies
a megthod for the application of SAXS to the estimation of mean particle sizes in dilate|dispersions
wherte the interaction between the particles is negligible. This International Standard|allows two
comﬂementary data evaluation methods to be performed, model fitting and Gainier apgroximation.
The nost appropriate evaluation method shall be selected by the analyst and stated clearly ih the report.
SAXY is sensitive to electron density fluctuations. Therefore, particles in solution and pore$ in a matrix
can e studied in same way.
2 Normative references
The following documents, in whole or in part, are normatively/referenced in this docunient and are
indigpensable for its application. For dated references, only the edition cited applies. For undated
referjences, the latest edition of the referenced documenti(inicluding any amendments) applies.
ISO 46824, Particle characterization of particulate systems — Vocabulary
ISO 9276-1, Representation of results of particle size analysis — Part 1: Graphical representation
ISO 9276-2, Representation of results of particle size analysis — Part 2: Calculation of average particle
sizesydiameters and moments from particle'size distributions
ISO/TS 27687, Nanotechnologies — Terniinology and definitions for nano-objects — Nanopartidle, nanofibre
and nanoplate
3 $ymbols and abbreviations
Table 1 — Symbols
Symbol Name Unit
JVS Volume-squared-weighted mean particle diameter nm
_num Number-weighted mean particle diameter nm
Tout Primary beam intensity with sample
Iin Primary beam intensity without sample
1(q) Scattered intensity (or scattering intensity)
Momentum transfer or g-value, magnitude of the scattering vector given by )
nm-
1 q = (4 /A)sinf
r Particle radius nm
Rg Radius of gyration (Guinier radius, see A.4) nm
to Optimum sample thickness mm
T Transmission

© ISO 2015 - All rights reserved


https://standardsiso.com/api/?name=bfb8bacce07255e78819538bdb1870eb

ISO 17867:2015(E)

Table 1 (continued)

Symbol Name Unit
|74 Volume of particle nm3
A Wavelength of the incident X-rays in vacuum nm
20 Scattering angle deg or rad
Linear absorption coefficient mm-1
Standard deviation of size distribution

4 Principle of the method

When electjomagnetic radiation impinges on matter, a small fraction of the radiation is scattered| As a
function of the scattering angle or momentum transfer, g-value, the scattered radiation ifiternsity pyofile

contains information that can be used to obtain various characteristics of the material: In parti

ular,

when X-ray$ impinge on a geometrically ordered group of particles or molecules, this gives rise to

the well-kngwn X-ray diffraction pattern at wide scattering angles which is used to characterizp the
unit cell and lattice constants of the material. In the small-angle regime (typi¢ally 26 < 5°; wavelgngth
dependent),|information on the size of particles or pores within the material'¥s available from the elastic
(no change In wavelength) scattering arising from the electron density eontrast between the particles
and the medium in which they reside. This is analogous to static light&Scattering. A diagrammatic [form
of the angular dependence of the X-ray scattered intensity of a titanium dioxide mixture (rutil¢ and
anatase) is ghown in Figure 1.
Y A
10 10 [
10°
10° -
10* -
| | | | .
0,1 1 10 100 X
Key
1 SAXSrange
2 XRD range
X  scattering angle 26/deg
Y intensity

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

At low concentration, the small-angle scattering region contains information about particle size, size
distribution, and particle shape, for which different ranges of q are evaluated. The Guinier approximation

2 © IS0 2015 - All rights reserved
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can be applied in the low-q range to get an intensity weighted mean size, when the particles are smaller
than 2m/qmin- Model fitting can be applied in the full range of q to compute traceable particle size and
size distribution with associated uncertainties. Porod’s law can be applied to the high-q range to get an
indication of the particle shape. This last method does not provide particle size and is therefore outside
the scope of this International Standard. Note that all three methods can fail depending on data quality
and particle properties.

Atincreased concentrations, i.e. those higher than typically one volume %, particle-particle interactions
and inter-particle interference can be relevant. Such interactions require sophisticated data modelling
and expert knowledge for data interpretation, which is beyond the scope of the present standard. In
practice, a concentration ladder may be explored in order to determine the dependence of reported size
on cgncentration. IT available, each sample shall be measured twice: In 1ts original concerjtration, and
diluted 1:1 to exclude concentration artefacts. The result of both measurements shall be atrjithmetically
averaged and the uncertainty enhanced by the variation. If dilution is not possible forstechnjcal reasons,
this ghall be stated in the report and the uncertainty shall be marked. Note that the radius df gyration is
mor¢ affected by concentration than model fitting.

5 Apparatus and procedure

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

.

>y

Key

1 X-ray source

2 ¢ptics

3 dollimation syStem
4  dample

a 16

X 26.0rq

Y  Seattered-intensity

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 set-up consists of X-ray source, optics, collimation system, sample holder, beam stop,
and detector. In order to extract meaningful information from the measurement, the following key
parameters define the capability of the system:

— g-range: qmin and gmax; number of sampled points in the Guinier region for Guinier approximation;

— detector sensitivity and system background noise.

© IS0 2015 - All rights reserved 3
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Mostavailable X-ray sources produce divergent beams which shall be collimated for SAXS measurements.
With laboratory X-ray sources, multilayer optics are commonly used but basic SAXS measurements can
also be achieved with slit collimation. The X-ray flux on the sample is generally higher when optics is
used. Furthermore, multilayer coated optics can be used to generate a monochromatic X-ray beam.

The greatest challenge in SAXS is to separate the incoming primary beam from the scattered radiation
at small angles (around 0.1°). The direct beam should be blocked by a beam stop and parasitic scattering
should be eliminated. The need for separation of primary and scattered beam makes collimation of the
primary beam mandatory.

There are two main options to collimate an X-ray beam (see Figure 3):

— Point c¢llimation systems have pinholes or crossed slits that shape the X-ray beam to @~§mall
dimensjon (typically, the beam spot on the sample is less than 0,8 mm in diameter) that illumipates
the sanple. The scattering is centro-symmetrically distributed around the primary.X:ray beam.
For isotfropic samples, the scattering pattern in the detection plane consists of cincles aroung the
primary beam. The illuminated sample volume is smaller than in line-collimation,‘Point collimption
allows the study of isotropic and anisotropic systems.

— Line-collimation instruments confine the beam in one dimension so that the beam profile is g long
and narrow line. The beam dimension can be adjusted according to the‘type of sample for stydies.
Typical |dimensions are 20 mm x 0,3 mm. The illuminated sample volime is larger compared to
point-cqllimation and the scattered intensity at the same flux density:is proportionally larger. |[f the
system [s isotropic, the resulting smearing can be removed usirig'deconvolution. The investigption
of anisotropic systems is not as straightforward as for point collimation.

In addition, the pointand line collimation systems can use eithera parallel or focused beam (see Figue 4).

The majority of the generated X-rays will simply trafismit through the diluted sample without
interacting with the particles. The X-rays scattered_by-“the particles form a scattering pattern| that
contains thq information on the size and structure ofi\the sample. This pattern is detected typically by a
1- dimensional or 2-dimensional flat X-ray detectgr situated behind the sample and perpendicular to the
direction offthe primary beam. Some multipurpose diffractometers that combine SAXS and diffraption
use a scanning point detector. There are a number of types of detector routinely employed, for insthnce,
photon-counting and integration type detectors. The scattering pattern contains the information ojn the

structure of{the sample.

) .

S
- [

I

Key
1 X-ray source
2 collimation system

3  sample

Figure 3 — Point and line collimation types used in SAXS
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Figure 4 ~— Focused and parallel beam set-up

Preliminary procedures and instrument set-up

blength calibratipn(see Annex C) can be performed before conducting an experimentan
hssified as a preliminary procedure, but this is not routinely done in the laboratory. If c}
s of copper are used, a nickel absorber can be used to check that Cu Ka radiation has b
ectly. Utilizdation of calibration materials, for example, silver behenate, should form
m qualification and fit-for-purpose specification as noted in Annex C.

1 thus would
Jaracteristic
pen selected
art of a full

7 [

bamble nrenaration
r r r

Sample preparation is simple and fast for SAXS measurements. The required sample volumes are small,
typically in a range of 5 uL to 50 uL for liquids and pastes, if copper radiation is used. Solid samples
require an area of (1 x 1) mm?2 to (1 x 20) mmZ. The sample thickness is typically smaller than 1 mm.

Liquid samples are usually measured inside a thin-walled capillary, the diameter of which is around 1
mm to 2 mm when the liquid primarily contains water or hydrocarbons. Solvents that contain heavy
atoms, for example, chlorine in chloroform, should be measured in smaller diameter capillaries as the
atoms strongly absorb the incident radiation. Viscous samples can be measured better in a paste cell.

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 foils. Care should be taken that the scattering from the window material

© ISO
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does not affect the result of the measurement. Polyimide films exhibit a broad small-angle diffraction
peakin the vicinity of g approximately 0,7 nm-1, which has to be taken into accountin data interpretation.

Solids can be clamped onto frames with or without additional window foils for protection against the
vacuum. The sample thickness shall be chosen in line with the respective absorption of the material.[14]
The optimum thickness, ¢,, is given by

t0=1/,u

€y

where pisthelinearabsorption coefficient of the material. The optimum specimen thickness corresponds
to a ratio of the primary beam intensity with and without sample, Iyt and [iy, of:

Iout/Iin

Thus, the id
can be adju
sonication,

analysis rep

8 Measu

Every SAXS
holder and {

a)
b)

sample

solvent

:e_‘ut

—e 1~37%

pal specimen will transmit about 37 % of the incident radiation, and the speéimten thick
ted accordingly to optimize transmission. Any sample treatment (for“ekXample, dily
br centrifugation) may affect the particle size distribution and should be described i
ort.

rement procedure

he same acquisition time:
Scattering;

matrix scattering, the so-called blank or background experiment.

This is the minimum requirement for determining the scattering of the particles, which is the diffe

between the
has to be taK
SAXS instru
and backgrd

two scattering measurements. A typicalexample for this procedure is given in Figure 5.

(2)

(ness
tion,
h the

particle-sizing experiment consists of at least two medsurements using the same sample

ence
Care

en that the scattering of the window(material of the sample cell, the parasitic scatterin

und/matrix material and efficiency variation over the detector shall be taken into acco

g of the
ment, and the dark count rate of the'detector are removed. The transmission from the s;}'nple
n

t.
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Key

1 dolvent

2 article scattering

3 1article dispersion

X q/nm-1

Y dcattered intensity /(q)

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

The statistical quality of the scattering pattern improves with increasing intensity and cdmplies with
standard-statisticsforsignals he subtracti vo-indepe asurements.

9 Calculation of the mean particle diameter

9.1 General

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

© IS0 2015 - All rights reserved 7
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9.2 Guinier approximation

For the Guinier approximation (explained in detail in A.3), In(I) is plotted as a function of g2 (Guinier

plot). As the

I(q)=1,

which can b

ln[l(q)_

A straight li
then equal t

For monodi
diameter ca

dys =2
According t

9.3 Modq

For model f
particles acq

I(q)=N

P(q,r)

g

Ji

scattered intensity at very small angles is approximated by a Gaussian function

1,22
exp[—gqu }

e transformed to

(3)

(4)

:lnrlﬂ—leaz
| S | 3 [=)

ne can fit the data in the Guinier region which is typically up to gRg around 1. The slqg
1.2

D —ERg

sperse homogeneous spherical particles, the volume-squared-weighted mean pa
h be calculated from Rg according to:

_Rg

ISO 9276-2 and Reference [3], d,¢ corresponds to 58'6 and X;¢.

1 fitting

ording to:

[:P(q,r)g(r)dﬂrc

is a scaling factor (including'the number of particles, the electron density difference, t
intensity of the primary beam etc.);

is the form factor;

represents thedistribution and c a constant background.

pe is

“ticle

(5)

tting, the full range of q can be fitted by a medel function for a polydisperse ensemble of

(6)
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For homogenous spheres, the form factor is given by:

2
P(q,r)=[:—§(sinqr—qrcosqr)} (7)

The most common distributions are lognormal and Gaussian: A Gaussian size distribution is described by:

Ao /2) | ~dym /2)
ofr)-esp| U= 2L e (P nun ) ®

and 4 lognormal distribution can be written as:

(o)

1
glr)=——exp| - 9)
( 2rroy, 20,

whette the mean diameter dy, can be transformed to the number-wefghted mean particle diameter of a

Gaussian distribution d

num according to:

S|

num :aln exp(o-lzn /2) (10)

N, ¢, the standard deviation of the size distribution (¢©[ 0 1) and the mean particle diameter (d,;, or
dy,)|are the fit parameters. From the determined size distribution, also the volume-wgighted and
interfsity-weighted mean particle diameters can'be calculated.

According to ISO 9276-2, d corresponds to 51'0 and xq .

num

Inforymation on the particle size can(also be obtained from other evaluation methods in real space or
Fourfer space as explained in A.5.

10 Repeatability

Repgated measurementsof the same sample can indicate if the material is changing during the duration
of the experiment andtherefore can be an indicator of degradation under the X-ray beam. fjdditionally,
sample-to-sample’méasurements will indicate homogeneity or heterogeneity of the matetial. Sample-
to-sgmple heterogeneity and instability of a sample/material over time can only be detected if the
heterogeneitysand instability create effects that can be distinguished beyond the method repeatability.
The nethaodrepeatability shall be established for each individual instrument in a validatiopn study on a
suita1b1e, ealibration standard. A frequently used material is silver behenate.

11 Documentation and test report

11.1 Testreport

Test reports should be prepared in line with ISO 9276-1 and 1SO 9276-2. The sections “identification
of the method used”, “test results”, and “description of the test item” in the scope of this International
Standard contain the following information:

a) reference to this International Standard;

b) themeanparticlediameter d anditsuncertainty, includinga clear statement whether this represents
a number, volume, or intensity weighted mean. In the absence of a full uncertainty evaluation, the

© IS0 2015 - All rights reserved 9
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standard deviation from several repeated measurements should be provided as estimate of the
repeatability. ISO/IEC Guide 98-3 can assist here, but expert judgment may have to be employed.

The standard error of the slope, usjope, can be obtained as a linear regression analysis output from many
statistical software packages and some graphing calculators. The uncertainty of Ry is calculated as:

uRg = _3

(4s10pe )/ (2Rg)

(11)

Itis noted that the slope itself, its uncertainty ugjope and the corresponding urg can vary with the part of
the Guinier region that is selected for analysis.

c)

d)

e)
f)
g)
h)

11.2 Technical records

In addition {
should be dd
records sha

a)
b)

‘)
d)
e)
f)
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if a par
explain

complet
Electroj
informa
are not

applied
form fa
resultsi

range o

instrun]

dispers
their clg

concent]
measur
tempery

analyst

ficle size distribution is included, the assumptions in deriving this distribution shou
bd in a short description. A graphical plot should be in accordance with ISO 9276-2:207]

e sample identification, including available information on particle shape and'homogei
1 micrographs, where relevant and informative, can be included in @rder to cd
tion on particle shape, degree of dispersion, crystallinity, and other visual'indicators
pasily conveyed in graphical or tabular data;

data evaluation (Guinier approximation for model fitting);
‘tor and size distribution if model fitting is used;
hcluding mean diameter and uncertainty for two samples of'differing concentration (ifavail

[ q selected for evaluation.

cumented in line with the provisions on'‘technical records as stated in ISO/IEC 17025. T
1 be readily retrievable and should be-provided to the customer on request:

ent type and serial number;

on and dilution procedures;including nature, concentration and quantities of liquids
aning procedure, if applicable;

ration of particulate material in the dispersions, if applicable;
ement conditions;
ture of thésample;

identification (name or initials).

Id be
4;

neity.

nvey
that

hble);

o the information given in the test report;the following information on the measurements

hese

and
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Annex A
(informative)

General principles

The calculation of the particle size is a sequential process as indicated earlier.

Background correction

particle scattering intensity, Iparticle(q), required for the data interpretation is
racting the blank scattering Ipjank, from the sample scattering, Isample:

~

particle (CI) = Isample (q) —Iplank (CI)

blank scattered contains matrix scattering, Im(g), incoherent scattering, Iic, and the d

count, Ipc. This simple procedure can be applied only for diluted particle systems. If the tra

samyj

Spec
in th
contl
in th

A.2
The

whet

betw

form

The

valug

can

le and blank are different, this has to be taken into account:{101(24]

fe forward direction close to the primary beam stop:Any data points for which the

b background-subtraction process.

Data interpretation

~

(q)=NF(q)’

particle

1%
een the electronCdensities of the scatter and the matrix, and V is the volume of the par

1
of theunderlying size distribution. It can be easily applied only if a sufficiently large |

he found in the scattering data. This is the case when the width of the size distribution is

al care shall be taken to prevent parasitic instrumentalscattering, which can become g

ributes more than 50 % of the total scattering shoul@be used with caution due to the losj

bserved scattered intensity after background subtraction is related to the particle sc3

e the scattering amplitude F(q) = IApe argy depends on the particle shape. The 4p is t}

2
factor P (q) & |F(q)| contains information on electron density distribution and shape of]

adius of gyration is determined by straight-line fitting and represents a mass-fraction wej

bbtained by

(A1)

btector dark
hsmission of

redominant
blank curve
ofaccuracy

ittering by

(A.2)

1e difference

ticle.[11] The

the particle.

ighted mean
inear region
below 20 %.

The maximum (Dpax) and minimum dimensions (Dpin) of the nanoparticle shall fit into the
experimental window of scattering angles specific to the used SAXS instrument. As a good first-order
approximation, one can use:

Rg >~5

q max

or that

Gmax >~ 47 [ Dyin

This International Standard recommends for the Guinier approximation measurements in the range of
the limiting scattering angles between qmin and gmax. All particles or aggregates with dimensions larger

© ISO 2015 - All rights reserved
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than those specified by these two limits will either not be recorded at all (if D, > ), because their
G min
size information is not in the signal, or will disturb the Guinier analysis by adding non-Gaussian

contributions to the signal, which cannot be fitted with Guinier’s method.

For point-collimation instruments, the desmearing of data is not required. Therefore, the experimental
data can be directly used for data modelling or Guinier’s analysis. When using line-collimated
instruments, special care shall be taken for the presence of instrumental broadening due to collimation
effects. Notable influences on the data are beam-dimensions (beam length and beam width), detector
cross-talk (point-spread functions) and wavelength distributions. Because of practical constraints, such
as limited beamtime-and-threugh-put-itisnetalways-pessible-to-eirenmvent-nonidealnrstramental
conditions df beam dimension. It is therefore recommended to use only evaluation software, which is
capable of dealing with the specific instrumental conditions. There are two ways of implemernting these

requirements, which includes.

a) desmeafing of experimental data, and
b) smearing of theoretical fitting functions.

Both metho(s are generally possible. In this International Standard, we recomnrend the second mgthod
due to the application of the specific model of Guinier’s approximation.

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

a) if the djstinction between two phases is made on the basjs of the scattering-length density df the
atomic nuclei, rather than the electron density, and

b) if the usual wavelength-distribution width of about*4A/A, approximately 0,1, is included if the
evaluat]on procedure.

A.3 Calcylation of the radius of gyratien from Guinier plot

The radius of gyration is defined as the noot-mean-square of the distances from all the electrons ip the
particle to ifs centre of gravity of the electron distribution.

jr‘ p(r)dV
R2-v 1| A.3
& J. b(r)dV (4:3)

1%
where p(r) i electrontdensity. The pair-distance distribution function (PDDF) p(r) of the particle:

p(r)= [Ap(g)Ap(g_f)@ (A4)
7 /
and Ap(5)= Pparticle (5)— Psolvent is the relative electron density inside the particle at position 5. The

integration is taken over the whole particle volume V. The angled brackets indicate averaging over all
particle orientations relative to the primary-beam direction.

Particle shapes deviating from spherical can be modelled by spherical harmonics which are amenable to
fitting by a range of different algorithms. Obviously, particles of different shapes can possess identical
radii of gyration and the value of Rg cannot distinguish between these. For spherical particles:

Ry=(3/5)"r (A.5)

where ris the radius of a homogeneous spherical particle.
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Thus, radii of gyration shall be multiplied by (5/3)1/2 ~ 1,29 to obtain the radii of the equivalent spheres.

Similarly, it can be shown that the radius-of-gyration equivalence for a homogeneous circular
cylinder/disk of radius R and height L is:

Rg =+/R%/2+17 /12 (A.6)

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

1
I(q)=lnexp(——R§q2W (A7)
3]

wheife the steepness of the decay is determined by the radius of gyration. This is terfted Guinier’s law
and Rg is termed radius of gyration (Guinier radius).

For further analysis, Formula (A.7) is used in its logarithmic form, leading to thejlinear equption:

—

1[1(q)]=ln[10]—%R§q2 (A.8)

in orfer to determine Rg and the intensity at g = 0 from the experimental curves. In this cage, In [I(g)] is
1
plotted as a function of g2. If a straight line can fit the data, theslepe is equal to _ERé and the intercept

is In [Io]. Note that the Guinier approximation is valid only.for small gRg.
YA

7,7
7,6
7,5
7,4
7,3
7,2
7,1
7

6,9
6,8

6’7 1 | 1 | 1 | 1 | 1 | 1 | 1 | 1 | 1 |
0 0,02 004 006 008 01 0,12 0,14 0,16 0,18

%o

<y

Key
X g%/ nm-2
Y In[i(q)]

Figure A.1 — Guinier plot for calculation of particle’s radius of gyration R; and the zero
angle intensity /o

In the above example, the slope is calculated as:

1/3 x Rg2 = (7,52 - 6,88) / (0,132 - 0,012) nm?
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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 is a complex issue and beyond the scope of this International Standard.

Note that 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.

A.4 Calculation of the mean diameter from model fitting

The entire i-range can be used to fit the data. The mean particle diameter results from thedfiy. For
homogeneotis spherical particle, only the radius determines the period of the oscillations swhich are
observed for sufficiently monodisperse particles. The amplitude of the oscillations is mainly‘determined
by the 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 diametef is dominated by the fitting procedure.[16]

Y A
10% |
107 |
10° |
10° |
10* ' ' . ' >
0,05 0,1 0,2 0,3 0,5 1 X
Key
O—g measured
- —_ - fit
X g/nm-1
Y scattered intensity I(q)

Figure A.22— Measured scattered intensity and fit using the form factor for homogeneous
spheres with a Gaussian size distribution (from[15])

A.5 Particle shape

Every particle produces a form factor that is characteristic of the structure of the particle. Accurate
shape determination from SAXS data is possible for very narrow size distributions. The slope of the
form factor at small angles is primarily determined by the overall size and the final slope at large angles
is indicative of the surface. Information about the shape and the internal density distribution lies in the
oscillating part in the middle section of the form factor:

14 © IS0 2015 - All rights reserved
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cattered intensity I(q)

jgure A.3 — The information domains of a particle form factor are Guinier, Foul
Porod regions

A royigh classification into globular, cylindrical, and disk shapes (with axial ratio larger th

quicl
Ina

resp
This
part

The
the s

(ly performed by investigating the power law of the form factor at small angles (see
louble logarithmictplot, an initial slope of 0, -1, or -2 indicates globular, cylindrical, o
ectively. If the slope in this region is steeper (-3 or —-4), the particles are too large to
means that most of the form factor is too close to the primary beam and the Porod regiq
of the formifactor that is experimentally accessible.

pscillating part of the form factor can be profitably investigated by curve fitting or tj
cattering pattern into real space by Fourier transform methods. The resulting curve

pair-

rier, and

hn 5) can be
Figure A.3).
r disk shape
be resolved.
nisthe only

fansforming
s are called

distance distribution functions (PDDF’s). A PDDF is a histogram of distances that c

hn be found

insi

e a particle.

See: Reference [8] and Reference [10] (Chapters 2, 4, and 5).

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

i) spherical or globular,

ii) prolate or cylindrical, and

iii) oblate or lamellar symmetry.
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Figure A.5 — The aggregates of two subunits produce PDDF’s that can be
recognized by the second peak
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Particles of arbitrary or irregular shape produce PDDF’s that cannot be analysed without additional
information. Any PDDF or scattering function is ambiguous in the presence of polymorphism or

signi

ficant polydispersity.

Apart from the method of direct or indirect Fourier transform to real space, the most commonly used
method for particle shape analysis is directly fitting experimental data in reciprocal space using an
appropriate and pre-selected model. For a dilute monodisperse system containing N uniform particles
per unit volume, the interparticle interactions can be neglected, and I(g) depends primarily on the shape
and size of the particles.

Therefore the form factors can be measured experlmentally in such systems The shape and size of

lame
har
distn
size
betw

A.6

Ther]
have
size

The
sum

particle. The result of this summation is an averaged form factor which no longer contains sh

Thus

[las, or Gaussian polymers. For samples with irregular shapes a concept calle
onics’[26] can be used to extract these irregular shapes. For diluted polydisperse syst
ibution function shall be combined with the form factors for the data fitting~The aver
Histribution can be obtained in this manner. For concentrated systems/n-which the
een the particles are not negligible, the structure factor shall be incorporated for data

Polydispersity
e are few truly monodisperse samples. Protein solutions aré one example in which all ‘p

the same size and shape. There are a number of methods available for determination
Histribution.

of all form factors weighted by the respective ,cohcentration, squared contrast and v

a scattering profile showing sharp minima'shall arise from an effectively monodisper

orm factors.
ds, micelles,
d ‘spherical
em, the size
age size and
interactions
fitting.

articles’ can
of a particle

scattering curves of polydisperse or polymorphous samples can be regarded as arising from the

lume of the
arp minima.
se material:
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scattered intensity I(q)
Figure A.6 — Effect of polydispersityon the shape of the scattering profile

For a polydigperse system, the scattering function is determined by the shape of the particles and by the
size distribytion. The polydispersity canbe described by a size distribution function, G(D), with a lpwer
cutoff at = 0f The resulting I(q) is givetl[20][21] by:

1(a)=Npo? [6(D)*(D)P(a:D)dD (A.9)

where P(q, I}) is the normalized form factor of a particle size D. This particular terminology applieq only
to this Interpational Standard.

There are twyo waysto compute the size distribution from small angle scattering measurement datq /(q):

a) by assuming the analytical form of G(D) and form factor of particle, and then fitting it t¢ the
experimental data with least-square [I1tting optimization of model parameters;

b) by an inverse transformation, the type of transformation depends on the assumed particle shape
without assuming the analytical form of G(D).

A number of methods for determining size distribution have been developed in accordance with
following these two general methods. The methods were reviewed and are summarized in.[6] The size
distribution functions can be assumed as, e.g. Gaussian (normal), log-normal, or Gamma distribution
function. The Gamma function can express both a Gaussian-like narrow distribution and lognormal-like
wide distribution. Therefore, it can simplify data fitting by selecting one function only. Other methods
include Maximum Entropy (MaxEnt) and nonlinear least squares (NLLS).
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