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SUMMARY 

Calcium carbonate particles, stabilized by a surface layer, and dis

persed in toluene are investigated with neutron small-angle scattering. 

Estimates for the dimensions of the core particle and the layer have 

been obtained: the layer thickness is 8.6 (6) A, and the core particle 

radius is 16.5 (1-2) A. The limits within which these results are valid 

are indicated. 
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INTRODUCT10N 

Colloid stability of inorganic materials in non-aqueous media is real

ized by the addition of a surface-active layer. These colloidal part

icles are of value as acid-neutralizing aids in lubricating oils. Remo

val of the layer would result in immediate destabilization, and there

fore in situ investigations are a prerequisite for a meaningful charac

terization of the size of both the core particle and the surface layer» 

Neutron scattering now offers this possibility, since by choosing an 

appropriate mixture of H- and D-variants of the organic solvent, nearly 

any required contrast between the composite particle and its surround

ings may be achieved. This enables selective study of either the inor

ganic core particle or the adsorbed layer. For these systems the method 

was first outlined in Refs. [l, 2]. In the present study investigations 

of dispersions of calcium carbonate particles in H/D-toluene mixtures 

are presented. 

Experimental details 

The specimens were prepared by Dr. B. Coleman at the Koninklijke/She11 

laboratory in Amsterdam. The concentration of the dispersion (1% 

weight/volume) was sufficiently low to ensure that the interparticle 

interference effects are negligible.2 The solvent mixtures consisted of 

0, 60, 80 and 90 percent (by weight) D8-toluene, respectively. The 

small-angle neutron scattering experiments were conducted at the SANS 

facility of Risrf National Laboratory.3 The solutions were contained in 

sealed quartz holders, with a 1 mm neutron path in the sample. The 

sample-to-detector distance was 3 m. Two neutron wavelengths were em

ployed: 3.6 and 11.5 A. The latter wavelength was merely used to ascer

tain the validity of the data at even smaller scattering angles. The 

scattering of the samples was, after subtraction of the blank scatter

ing, normalized to the incoherent scattering of lupolene. 

The scattering is measured as a function of the scattering vector Q, 

with q| • 4^sin9/A. Here, * is the wavelength, and 28 is the 

scattering angle. The range of Q values investigated is between 

3.10"3 A"1 and 0.12 A-1. 



Theoretical 

Small-angle scattering results from inhomogeneities in the investigated 

material in the range of 10 to 103 A. For these dimensions the momentum 

transfer in the scattering is much smaller than the inverse inhomo-

geneity size. It then proves advantageous1* to introduce the coherent 

scattering-length density p by: 

Zh™* 
l r + coh • i p * y" Jvdr b± ( r ) - —jj NA n (1) 

coh 
The sum extends over all atoms i in the inhomogeneous volume V. b. is 

the scattering length of the individual atoms, M is the molecular 

weight, N is Avogrado's number and n is the mass density of the inho-

mogeneity. In table I a compilation of densities for a number of rele

vant materials is given. Mixtures of H- and D- toluene cover nearly all 

practical values of densities p. Consider nov a dispersion of particles 

in a homogeneous medium of density p . The crucial quantity for the 
m 

occurrence of SAS is the contrast p between the medium and the part

icles: 

P " f lv*r P(r) - PB (2) 

p(r) is the density variation within the particle, and can be represen

ted by a density fluctuation PF(r) around an average p: 

P(?) « P" + Pp(r) (3) 

Note that J drp_(r) » 0. For the model to remain tractable it may be 

necessary to assume that p_ Is independent of the contrast p. This is 

in general not the case where D/H exchange between the medium and the 

particle can occur. 

The scattered intensity for a dilute system of particles is 

KQ> - <|/ v
d ? ( P ( ? ) " P.> el5'?'2 >» (4) 
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where <> denotes averaging over all particle orientations. This equa

tion implicitly assumes that the particles are sufficiently separated 

that no correlations occur between their orientations, and that inter

ference between waves scattered from different particles may be neglec

ted. For the present treatment It suffices to limit the discussion to 

the Cuinier region, where the exponential in Eq. (4) can be expanded in 

a series of Q.r. (Exact derivations of the particle form factor for 

the as yet not fully specified model can be found in Ref. [2]). A sim-
+ •> 1 

pie calculation yields (use <cos Q.r> ~ T) 

I(Q) = I(Q-O) (1 - j § - |vdr r
2(P(r) - P m». (5) 

PV 

The scattering at Q * 0 us 

KQ-O) = (PV)2, (6) 

with p the contrast between the composite particle and the medium, and 

V the volume occupied by the particle. Contrast variation allows for a 

determination of the average scattering-length density p of the partic

le, since at the contrast-matching point the scattering will vanish. A 

plot of I 1 / 2 (Q » 0) vs the medium density p will yield p". 

By Introducing the Guinier radius R : 
G 

R2 - M v d r r
2(p(r) - p ), (7) 

pV 

the familiar Guinier approximation, valid for Q.R < 1, is retrieved: 
G 

I(Q) - I(Q-O) exp (-Q2R2/3). (8) 

Some further calculations show that an alternative expression for Eq. 

(7) is: 

1S-I«+=-VJ'2pF<;>. <9) 

pV 



with R the "mechanical" radius of gyration for homogeneous particles 

(R^L = rr ƒ„ dr r 2 ) . For large contrast, the scattering will be domina

ted by the overall appearance of the particle, as reflected in R . At 
GM 

small contrasts, however, inner details of the particle will become 

discernible. Note, that at small and negative contrast p, R 2 can be 

negative. A plot of the experimentally derived R2, vs 1/p allows for an 

extrapolation to infinite contrast (1/p = 0), and thereby a determina

tion of a measure of the total particle size R_,. Note that as yet no 
GM 

further assumptions are necessary about the exact particle shape, or 

the spatial variation of the density fluctuation p_(r). More results 

may be obtained by adopting a specific model for the particle. Here, we 

assume that the particle consists of two concentric spheres, represen

ting a core of density p and a homogeneous adsorbed layer of density 
c 

P , respectively (Fig. 1). The average density P for the composite 

particle in this model can be expressed as 
- PcVc + PLVL + ,R1 ,3 , 
P j = PL + ( — ) 3 (Pc " PL> 

tot tot 
and the density fluctuation is 

ip - p for 0 < r < R 
c 1 

P (r) 
F lf> - p for R < r < R 

L 1 tot 

The intercept with the 1/p axis in the (1/p, R 2 ) plot yields a contrast 

P0, at which the apparent R equals zero. It can be shown that the core 

radius R is 

L c 
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Results 

In Fig. 2 the small-angle scattering as a function of Q is shown for 

the calcium carbonate dispersions in 0, 60, 80 and 90 percent deutera-

ted toluene. Obviously, nearly perfect contrast matching occurs for the 

fully protonated toluene. For the other mixtures, well-resolved scatt

ering is observed. The Guinier plots (Fig. 3) show good linear beha

viour, even for the fully protonated mixture. Table II lists the values 

for R2 and I 1 / 2 (Q=0) obtained with least-squares fitting. The depen-

dence of the latter quantity on the mixture density p (Fig. 4) is 
m 

clearly linear (cf. Eq.(6)), and results in an average scattering-

length density for the composite particle p" = 1.322 (35).1010 cm-2. 

Finally, Fig. 5 presents the relation between the inverse contrast (P~ -
p ) - 1 and R2. The sample with 80% D-toluene shows a small deviation, 
m G 

and will be discussed later. The Intercept at Infinite contrast yields 

(cf. Eq.(9)) R = 19.5 ± 0.2 A. Note that this value is model indepen

dent. For the concentric sphere model It implies that the total radius 

is R - (5/3)1/2 R,_ = 25.1 ± 0.2 A. 
tOt (JM 

The contrast pn at which R vanishes is, according to Fig. 5, 
G 

p0 ' 0.435 (19).1010 cm-2. With Eq. (10) values for the core radius Rj 

and layer thickness R are computed. To assess the dependence of these 
L* 

results on the value p taken for the layer density, the calculation 
Li 

has been repeated with p 50% above and below the value quoted in Table 
L» 

I. (Due to the synthesis of the composite particle, the accuracy of the 

density P is low.) It follows that the uncertainties in R, and R to a 
Lt L» 

large extent depend on p . With due account for this uncertainty, the 
Li 

final values are R, - 16.5 ± 1.2 A, and R - 8.6 ± 0.6 A. 
L* To conclude this section the irregular behaviour of the 80% D-toluene 

mixture is discussed. It appears that, although I(Q-0) is of the cor

rect magnitude, R2 is smaller than may be expected from Eq. (10). This 

G 

particular specimen has been measured 6 weeks after the other three, 

and conceivably partly compensating ageing effects may explain these 

contradictory observations. Evaporation of the solution, for example, 

will cause an Increase of the scattered intensity, whereas D-H exchange 
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between the medium and the surface layer in general will decrease the 

contrast and hence the scattering. This latter effect is, however, 

considered less likely due to the strong bonding in the toluene. 

Discussion 

It has already been stressed that more assumptions concerning the par

ticle model are required as the number of parameters extracted from the 

scattering increases. In general, a reliable estimate to within 10% 

accurancy can be obtained for the overall particle dimension from a 

single determination of R at high contrast. Values of the size of the 
G 

core particle and the thickness of the adsorbed layer can be computed 

by making the following assumptions: 

1. the boundaries between the three phases are sharp, 

2. the core particle and the layer are homogeneous; the mass densities 

for the composite particle remain the same as for the constituent 

materials, 

3. the density of the layer is not affected by the contrast during the 

experiment (no D-H exchange between the layer and the solvent), 

4. the colloidal particles are monodisperse; from the present experi

ment it can be inferred that deviations from monodispersity are 

negligible. 

With these assumption reliable values for R^ and R can be obtained 

with only two mixtures at reasonably different contrasts. 
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Table I; Scattering-length density p for a number of materials. 

Material 

H20 

D20 

Hg-toluene 

Dg-toluene 

CaC03 

surface-active layer 

H-octane 

D-octane 

p(1010 cm"2) 

-0.56 

6.34 

0.94 

5.63 

4.72 

0.35 

-0.52 

5.51 

Table II: Values derived for R2 and I 1 / 2 (Q-0). 

percentage (w) Dg-toluene 

0 

60 

80 

90 

R2 (A2) 

-51.5 ± 34.9 

449.4 ± 5.0 

397.8 ± 2.3 

420.6 ± 1.7 

I 1 / 2 (Q-0) 

0.0867 (18) 

0.547 (4) 

0.791 (7) 

0.866 (10) 
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Model for the composite CaC03 particles in toluene. 

a. Scattering-length density as a function of the distance R. 

b. Schematic picture of the concentric-sphere geometry. 

Small-angle neutron scattering vector Q for 1% w/v calcium 

carbonate particles in H8/D8-toluene mixtures. For increasing 

scattering, the weight percentage Dg-toluene is 0, 60, 80 and 

90, respectively. 

Guinier plots for the same solutions as in figure 1. The 

deuteratlon percentages of the toluene mixtures are indicated 

in the upper right corner. The intensity axis has a loga

rithmic scale. 

11/2 (Q«0) as a function of the scattering-length density p . 
m 

The full line represents a fit to a linear relation. The 

contrast-matching point derived from this relation is 

7 - 1.322 (35).1010 cm"2. 

R2, plotted versus the Inverse contrast (p - P )_1« The full 
i> m 

line represents a linear fit based on the three points as 

found from the scattering for the 0, 60 and 90 percent D8-to-

luene mixtures. 
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Fig. 5 
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