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Experimental methods of particle characterization

Ronald H.Ottewill

School of Chemistry, University of Bristol, Bristol BS8 1TS, England

Abstract - A recent powerful method for the characterization of particles in
colloidal dispersions is provided by small angle neutron scattering. The
application of this technique for the examination of particle size, particle size
distributions, adsorbed layers and particle-particle interactions is described.

INTRODUCTION

Dispersions of particles with a size in the colloidal domain (ca. 1 nm to 1 um) occur
widely in industry, in biology and indeed in everyday life. Their properties can differ
greatly depending on concentration, particle size, particle shape, additives present and
the nature of the forces acting between the particles {ref. 1). Thus the characteriza-
tion of dispersions is a subject of major importance. The definition of what is required
in terms of characterization depends on the investigator and the subsequent use of the
material. However, characterization requirements would typically include, particle size
{mean or modal), distribution of particle sizes, surface area, particle morphology.
particle shape, extent of adsorption of surfactants or polymeric species. the nature of
the interactions controlling the physical behaviour of the dispersion (ref. 2).

In this contribution | will draw attention to a technique which has been developed
extensively in recent years and which provides a powerful means of examining colloidal
dispersions in the fluid state (ref. 3). This is small angle neutron scattering. As
with all scattering techniques, e.g. those employing light, X-rays or neutrons, the
neutron beam is, in general, non-destructive and by defining a scattering volume
with the beam a good statistical distribution of particles can be examined. The
scattered signals generated by the particles, particularly with angular variation, contain
a substantial amount of information about the time-average (ref. 4) and dynamic
behaviour of the system (ref. 5). A key problem is interpretation of this information.
In the case of small angle neutron scattering the advantages include the following:-

i) the wavelength used is typically between 5 and 20 R. This is of the order of or
smaller than the size range of many colloidal particles. Thus considerable variation
occurs in the scattered intensity as a function of scattering angle;

—

ii) the difference between the scattering cross-sections of hydrogen and deuterium is
significantly different. Hence selective deuteration of parts of molecules and
particles enables the scattering from these parts to be distinguished and thus enables
structural information to be obtained. Also by the use of mixtures of hydrogenated
and deuterated solvents considerable variation in scattering can be obtained which

significantly helps the basic analysis of data;

iii) the neutron beam has considerable penetrating power and is insensitive to the colour
of the sample.

THE TECHNIQUES OF SMALL ANGLE NEUTRON SCATTERING

The basis of a neutron scattering experiment is illustrated schematically in Fig. 1.

When the neutrons are generated in a reactor the primary beam passes through a
velocity selector which determines the wavelength of the beam and the spread of wave-
lengths. After collimation with the neutron guides the beam passes through the sample.
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often contained in a quartz cuvette, and reaches the beam stop. The neutrons
scattered by the sample at various angles reach the multi-detector. The latter is an
extremely important part of the instrument, and usually consists of a 64 x 64 array of
detector cells, i.e. in total 4096 cells. The neutrons captured by the cells are con-
verted into electrical pulses which can be registered on computer hardware for
subsequent analysis. For isotropic samples the results can be radially averaged, with
each radius on the detector corresponding to a value of the scattering angle 8. Any
anisotropy of scattering by the sample is readily detected in the 2-dimensional array
of data. The range of 6 values can be adjusted by changing the sample-detector
distance. Frequently, a material such as water which has considerable incoherent
scattering from the H-atoms and gives a constant intensity profile as a function of 9 is
used as a standard substance to convert the scattered intensity into absolute units,
the number of neutrons scattered per unit of time per steradian. For elastic scattering
the magnitude of the scattering vector is defined by the quantity

Q = 4rwsin (6/2)/ 2

where ) is the wavelength of the incident beam.
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Fig. 1. Layout of a small angle neutron scattering apparatus

For a dispersion of homogeneous spherical particles, each of volume V,, with Np
particles per unit volume the intensity of scattering, I(Q), is given by (ref. 6),

2

= 2
1Q) = Aley = o) NJ V.2 PQ) (1)

P P
with A = an instrumental constant required to convert 1(Q) to absolute units, pp = the
coherent scattering length density of the particles and p, = the coherent scattering
length density of the medium. P{Q) is the single particle scattering function given by
(ref. 7).

2
P(Q) = [3(sin QR - QR cos QR) / I R

with R = the particle radius, so that V, = 41R3/3; we note also that the volume
fraction of the dispersion, ¢, is given Ey NpVp. The values of coherent scattering
lengths for molecules can be calculated directly from the coherent scattering lengths
of the isotopic atomic constituents; the values are independent of 6 and .. Some
typical values are given in Table 1 which illustrate the differences between hydro-
genated and deuterated compounds.

TABLE 1. Coherent scattering length densities for molecules

Molecule 0/1010 cm-2
Water, H,0 -0.56
Deuterium oxide, D70 6.40
h-Polystyrene, (CgHglp, 1.4

d-Polystyrene, (CgDglp 6.47
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PARTICLE SIZE DETERMINATION —“HOMOGENEOUS"” PARTICLES

Experimental resuits obtained on polystyrene latices containing particles with number
average diameters of 34.6 nm, 132.0 nm and 202.0 nm (ref. 8) are shown in Fig. 2.
The results are plotted in the form &n P(Q) against Q and hence the plots are
normalised at Q = 0. The experimental data show distinct maxima and minima providing
an indication of the narrow distribution of particie sizes in the samples. It should be
noted that as the particle size increases, there is a shift of the curves towards the
ordinate. However, most colloidal dispersions are not monodisperse and hence in order
to fit the experimental data polydispersity has to be introduced into equation (1).
There are various approaches to this problem and Gaussian, Schuitz and log-normal
distributions are often used. The zeroth-order log-normal distribution is a convenient
one for computational fitting of data and can be used in the form (ref. 9,10),

exp[-{2nR - &n Rm)2/2 0(2) 2)

p(R) = T 3
(2m* o R exp (o /2)

where Ry, = the modal radius of the particles and o, is a parameter which gives the
width of the distribution. For a narrow distribution the shape is Gaussian and the
standard deviation 64 = 0o Ry,. Equation (2) can readily be combined with equation
(1) in order to fit experimental data as shown in Fig. 2 (continuous line) giving, Ry =
17.3 nm, o4 = 11%, Ry 8 71.0 nm, o4 = 4% and Ry = 101.0 nm, o4 = 4%. A compari-
son between the particle size distribution curves obtained by small angle neutron
scattering and transmission electron microscopy is shown in Fig. 3.
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Fig. 2. n P(Q) against Q for polystyrene Fig. 3. Particle size distribution,
particles of various radii; O ., Ry = 173 , small angle neutron scattering,
og= 1% &, Ry = 710 R, og = 4% @, - --~,transmission electron micros-
Rm = 1919 R, od = U, ——, fitted curve. copy, Ry = 228 R, og = 11%

PARTICLE MORPHOLOGY —-NON HOMOGENEOUS PARTICLE

in many samples encountered in colloid science the particles are not homogeneous - a
typical example being the situation in which the particles have an adsorbed layer of a
surfactant or a polymeric species. This gives theoretically the case of a concentric
sphere particle where a shell of one material surrounds a spherical core particle. Thus
the core particle, of radius Ry, can be composed of a material of coherent scattering
iength p., and be surrounded by a shell of thickness, Ry-R4, of coherent scattering
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length, pg. If the composite particle is dispersed in a medium of scattering length,
Pm. the scattered intensity is given by (ref. 11)

1(Q)
with Ay

ANp [ (pg = pm)(Az = A1) + (pe = pp) Aq1? (3)

3 V1 [ (sin QR - QR cos QR2)/Q3R3]
and A

: 3 V_ [(sin QR, - QR, cos QR,)/Q%R3 ]

Also, \)

3 - 3
T lHTR2/3 and Vc = LHrR1/3.

One of the unique opportunities which is provided by neutron scattering is that with

an appropriate mixture of deuterated and hydrogenated solvents py can be made zero.
We then obtain,

_ _ 2
I(Q) = A Np [(pc ps) Ay + g Azl

Additionally, extrapolation of the experimental data to Q = O can usually be carried
out by plotting &n 1(Q) against Q2 giving ¢n I (Q = O) and hence,

= = 2
I{Q=0)= A Np [os Vg + o, Vc]
Further simplification {refs. 8,12,13) shows that
Ps Vg = nNgbg
where ng = the number of molecules in the shell and bg the scattering length of the

adsorbed molecules. Thus, if [1{Q) 2 0)]. is obtained for the bare particle and
[I1{Q = O)lc+g for the particle with the shell, both for oy, = O then,

o Ve | Diia- 0”;5
s s | 1 =01}

Since R4y is also determined from experiments on the core particle, the surface area is
available. and hence the amount adsorbed can be obtained. An adsorption isotherm
obtained by this method for the nonionic surfactant, decyl pentaoxy ethylene glycol
monoether is shown in Fig. 4. The plateau region of the isotherm corresponds to a
surface excess of 2.34 x 10710 mol cm=2 corresponding to an area per molecule of 70 82,

In many cases the colloid stability of the dispersion is dependent on the presence of
an attached layer and hence the core particle cannot be examined independently. How-
ever, in this case, equation (3) with variation of py can be employed to obtain both
the shell thickness and the amount adsorbed (refs. 10 and 11}.
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CHARACTERIZATION OF PARTICLE-PARTICLE INTERACTIONS

In dilute dispersions of colloidal particies the number concentration is usually low and
hence interactions between particles occur rather infrequently. In concentrated
dispersions, however, the particles are in constant interaction and consequentiy an
ordering of the particles occurs which is dependent on the number concentration and
the strength of the repulsive interactions. The spatial correlations which occur as a
consequence of the interactions lead to interparticle interference effects which can be
incorporated into equation (1) as a structure factor, S(Q), to give

- - 2
Q) = Alp, -0, )? V6 P(Q) S(Q)

where S(Q) is given by,

4N
s(Q) = 1+ —F(E£ J [g(r) - 1] sin Qr dr
(o]

@

Q

t
where g(r} = the pair-correlation function and r B the centre to centre interparticle
separation. Hence, for well-defined monodisperse particles since P(Q) and the other
parameters are well-defined S{Q) can be obtained as a function of Q and thence by
Fourier transformation the pair-correlation function obtained,

o©o

14— — [S(Q) - 11 Q sin Qr dQ
210 r N
P Jo

The form of g{r) against r depends markedly on the type of interaction occurring
between the particles. In the case of electrostatically stabilised particies, the inter-
actions are repulsive and long-range at low electrolyte concentrations and short range
at higher electrolyte concentrations. Thus at electrolyte concentrations of the order of
10~% mol dm~3 with small particles (R = 155 R) ordering begins to occur at quite low
volume fractions. This is clearly indicated by the plot of g(r) against r results shown
in Fig. 5. At the lowest volume fraction an excluded volume region is apparent and
then glr) approaches unity; this suggests the dispersion is behaving rather like a
gas. At a volume fraction of 0.04 a strong first peak is apparent which increases in
amplitude when the volume fraction is increased to 0.13. With increase in r the peak
amplitudes decay thus indicating the presence in these systems of short-range order

and long-range disorder {ref. 14).
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Fig.5. gl(r) against r for spherical polystyrene particles,
radius = 155 R, in 10™% mol dm™3 sodium chloride at various

volume fractions, , 0.01: ¢+eve e, 0.0U; = =« =, 0.13,

In the case of sterically stabilised particles, such as those with a core of polymethyl
methacrylate and a stabilising layer of poly-12-hydroxy stearic acid the interaction is
very close to that of a hard sphere (ref. 15), in other words, interaction does not
occur until the outer shells come into contact. In this case as shown in Fig. 6,
substantially higher volume fractions are needed before significant ordering starts to

occur for particles of approximately similar radius.
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Fig. 6. gl(r) against r for polymethylmethacrylate particles,
behaving as nearly hard spheres, at various volume fractions,
. 0.23; = —, 0.36; *-cr - . 0.42.

Experiments of this type are currently helping to identify the form of the pair
potentials which are important for the characterization of the interactions between
particles in concentrated dispersions. It is also now apparent that these dispersions
form excellent models for studying the behaviour of physical states, e.g. by analogy,
gaseous, fluid and crystalline and hence also the phase changes which correspond to
changes of state.
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