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Organophilic silica dispersions, containing spherical monodisperse particles up to concentrations 
of 80% (w/v) of silica, were studied with the (static) light-scattering method. Cyclohexane and 
chloroform were chosen as solvents in order to minimize the scattering intensity. The results 
were interpreted with fluid-state theories. In a large range of silica concentrations the osmotic 
compressibility as well as the scattering at finite angles could be described rather well with hard- 
sphere interactions. The hard-sphere radius was rather close to the hydrodynamic radius of the 
particle. At the highest particle concentrations the scattering intensity sharply increases for small 
scattering angles. This is attributed to formation of large dense clusters of primary particles. 

I .  I N T R O D U C T I O N  

An understanding of interparticle interac- 
tion and stability in concentrated colloidal 
dispersions is of  much interest  in theoretical  
and applied colloid science. An attractive 
approach  comprises  application of concepts  
and techniques f rom the field of  molecular  
(monoatomic)  fluids. The colloidal particles 
play the role o f "  supramolecu les"  dispersed 
in a " s t ruc tu re l e s s "  background of low- 
molecular-weight  solvent.  Recent ly  this ap- 
p roach  has been used in studies on the light 
scattering of  aqueous (1, 2) and nonaqueous  
(3) latex dispersions and of microemuls ions  
(4). Also sedimentat ion equilibrium and os- 
motic  pressure  measurements  of  hemo- 
globin solutions were  interpreted in this 
manner  (5). 

In this paper  we shall repor t  on (static) 
l ight-scattering exper iments  on concen- 
trated silica dispersions in cyclohexane  
and chloroform. 

An advantage  of the l ight-scattering 
method is that it can be used to determine 
(osmotic) compressibil i t ies in the whole 
concentra t ion region f rom very  dilute to 

very concentra ted  dispersions,  the reason 
being that  with increasing particle concen- 
tration the scat tered intensity first increases 
and often attains a max imum value, after 
which it decreases  again. A direct osmotic  
pressure  measurement  is often too insensi- 
tive at small particle concentrat ions.  A 
drawback  of  the light-scattering method,  
however ,  is the limited choice of  solvents,  
because  the scattering power  of  the sys tem 
must  be minimized in order  to avoid mul- 
tiple scattering. 

The silica particles which are used in our  
study consist  of  a spherical silica core 
coated with relatively short aliphatic chains 
(18 carbon atoms).  These organophilic 
silica dispersions are a promising alterna- 
tive to other  model  colloids, because  they 
can be studied in a large concentrat ion 
range. Cyclohexane  and chloroform are 
chosen because  of  appropriate  refractive 
indices and good solvent properties.  In 
these apolar  solvents we expect  electro- 
static forces to be of  minor  importance  and 
van der Waals forces are probably  also small 
because  the refractive indices of  particles 
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and solvent are nearly equal. The main 
interaction force would then be steric in 
nature and because the coating layer of the 
silica is thin, the repulsion will also be steep. 
In view of this we expect the dispersion 
to behave almost as a hard-sphere system, 
which is of interest because this system is 
relatively simple and theoretical results are 
known. 

In Section II some basic light scatter- 
ing- and fluid-state-theory equations are 
recalled. Special attention is paid to the hard- 
sphere fluid (Percus-Yevick approxima- 
tion). The influence of hard-sphere interac- 
tion on the angular dependence of scattered 
light at low K is shown explicitly. Also 
earlier reported results of (a) hard convex, 
(b) polydisperse, and (c) clustered systems 
are discussed, because they are relevant to 
colloidal dispersions. Materials and meth- 
ods are discussed in Section III and par- 
ticle characterization in Section IV. Light 
scattering in dilute and concentrated dis- 
persions is presented (Section V) and inter- 
preted (Section VI). Section VII deals with 
large clusters appearing at high concentra- 
tions. In Section VIII discussion of results 
and conclusions are presented. 

II. THEORETICAL 

1. LIGHT SCATTERING 

The light-scattering theory for spherically 
symmetric particles in the Rayleigh-Gans- 
Debye (RGD) approximation is well known 
(6). For unpolarized light the normalized 
excess scattering per unit volume (Rayleigh 
ratio) of a dispersion over that of the solvent 
is given by 

R ( K )  = (1 + cos 20)Y{cMP(K)S(K). [II1] 

Here K = (47rn/h0) sin (0/2) is the scatter- 
ing wave vector, 0 is the scattering angle, 
M is the particle molar mass, c = p M / N A  
is the weight concentration with p the par- 
ticle number density, NA is Avogadro's 
number, and 

,7{ = 2~2n2(dn/dc)Z(h~NA) -1 [II2] 

with n the refractive index of the dispersion 
and h0 the wavelength of the incident light 
in vacuo .  

P ( K )  is the intraparticle structure factor. 
In the Guinier approximation (7) it has the 
form 

P ( K )  = e -(yarneRs, [II3] 

where Rg is the optical radius of gyration 
of the particle. For small K it becomes 

P ( K )  = 1 - (1/3)K2R~ + . . . .  [114] 

S ( K )  is the structure factor, which ex- 
presses the influence of particle-particle in- 
teractions on the scattering. For a spheri- 
cally symmetric interaction it can be written 
as (8) 

S ( K )  = 1 + p h ( K )  [115] 
w i t h  

h ( K )  = 47r r2h(r)(Kr)  -1 sin Krdr .  [116] 

Here h(r)  is the total correlation function 
which is equal to the radial distribution func- 
tion g(r)  minus one. g(r)  expresses the 
probability of finding a particle at a distance 
r from a given particle. For K ~ O, S ( K )  

is related to the osmotic pressure II by the 
compressibility relation (9) 

S(O) = kBT[OII/Op] -1. [II7] 

Then the scattering intensity becomes 

2 Y{cR T 
R ( K  ~ O) - - -  [II8] 

O II/ Oc 

Further, k• is the Boltzmann constant, R 
= kBNA is the gas constant, and T is the 
absolute temperature. 

For low concentrations OII/Oc can be ex- 
pressed with a virial series, 

1 OH 1 
- (1 + 2A2c + " " ) ,  [II9] 

R T  Oe M 

which in combination with Eq. [118] leads 
to the familiar result for dilute systems. 
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2. STRUCTURE FACTOR: HARD SPHERES 

It is known that in concentra ted systems 
hard repulsive interactions dominate the 
structural features of  a fluid. The prototype 
hard repulsion for spherically symmetric in- 
teractions is the hard-sphere potential, 

O r < c r  U(r) = [IIlO] 
r ~ o ,  

where o- is the hard-sphere diameter. Even 
for this simple pair potential no exact 
method exists to calculate h(r) and S(K).  
Several  approximate theories have been 
developed and tested with computer  simula- 
tions (10). Well known is the Percus -Yevick  
(PY) theory (11). It is very successful for 
hard repulsions and has the important  fea- 
ture that it gives an analytic solution for 
the hard-sphere potential (12). 

It has the following form: 

with 

h(K) - 5(K) , [II11] 
1 - p ~ ( K )  

~(K) = 4rr r2c(r)(Kr) -1 sin Krdr, [II12] 

where c(r)  is an auxiliary function: the so- 
called direct correlation function. In the PY 
approximation, 

Cpy(r) = a + fl(r/o-) + y(r/~r) a, 

0 ~< r ~< o-. [1113] 

The coefficients a,/3,  and 3' are simple func- 
tions of the volume fraction, 4,, of  the hard 
spheres, given by: 

1 
4, = - rro-ap. [1114] 

6 

For  K = 0, it is found that (8) 

= o ) =  kBr(OP t 
\ Oil/py 

( 1  - 4 , )4  
- [ I I 1 5 ]  

(1 + 24,) 2 
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We also need S(K) for small but finite K. 
A series expansion of sin Kr under the inte- 
gral [IIl2] yields 

S(K  = O) 

S(K)  

with 

- 1 - X(4,)K2o -2 + . . . ,  [II16] 

4 11 4, 2 + 1 4,z 

XPY(4,) = [II17] 
(1 + 24,) 2 

Expression ]II15] is known as the compres- 
sibility version of the PY theory.  It yields 
somewhat too high values of OII/Op com- 
pared with machine calculations: e.g., 8% 
for 4, = 0.4. Carnahan and Starling (CS) (13) 
proposed a semiempirical extension, which 
can be written as 

S - I ( K  ~_ 0) = . . . .~ l  ( (~I~ / 

kBT \ Op Jcs 

(1 + 24,) 2 - 4,3(4 - 4,) 
= [II18] 

(1  - 4,)4 

It agrees within graphical accuracy with 
computer  simulations in the fluid branch 
of  II(p). 

Both [1115] and [II18] are exact  up to and 
including terms in 4,2, 

1 OH 
- 1 + 84, + 304, 2 + . . . .  [IIl9] 

kBT Op 

Sharma and Sharma (14) introduced a 
semiempirical extension of  the CS equation 
to obtain 6(K). This leads to a function X(4,) 
that deviates less than 1% from Eq. [II17]. 
In the discussion of  our experimental  results 
we will use Eq. [II16] in conjunction with the 
Eqs. [II18] and [II17]. 

3. NONSPHERICITY AND POLYDISPERSITY 

Colloidal particles are neither completely 
spherical nor completely monodisperse.  It is 
therefore necessary to estimate the in- 
fluence of these effects on S(K) .  
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(a) Nonsphericity 

No closed expressions for S(K) are 
known for nonspherical particles as far as 
we know. F o r K  -- 0, however, one may use 
equations for H as given by the so-called 
scaled particle theory (SPT). For hard, con- 
vex particles with arbitrary shape, e.g., 
ellipsoids, tetrahedrons, cubes, and cylin- 
ders (15, 16), the following simple equa- 
tion is found: 

1 [ 0 I I ~  [1 + (3k - 1)th] z 
[II20] 

kBT \ Op/SPT (1 - ~b) 4 ' 

where 4~ = Vp, k = t~S/3V with /~ the 
radius averaged over all orientations, S the 
surface area, and V the volume of the par- 
ticles. Note that for spheres (k = 1) this 
equation is identical to the PY equation 
[II15]. Equation [II20] is also quite good for 
dumbbells (17) if one takes k - 1.6. 

A CS type of correction (18) and com- 
puter experiments (19, 20) are also de- 
scribed in the literature. Equation [II20] 
predicts an increased OIFOp and thus a 
decreased S(0) for deviations from the 
spherical shape. Quantitative results are 
discussed in Section II.4. 

(b) Polydispersity 

The effect of polydispersity in size and 
scattering power is known for hard spheres 
in the PY approximation (21). For K --> 0 
one finds 

S(O) = (1 - 6)4(1 + 2tb)-21)(q~) [II21] 

with 

f~(qS) = 1 + 6q5(1 - (~)-1 

X [1 --  {0"4) (0"5) (0"3) - -1{0"6)  -1]  

+ 9~b2(1 - 4~)-2[1 - 2(o-4) (oZ) (o~)-,(o-~) - ,  

+ (o-4)a(o~)-2(o~)-1], [II22] 

where ( ) means number average and dn/dpi 
is taken proportional to ~ .  Polydispersity 
tends to increase S(O). 

4. NUMERICAL RESULTS; 

CONCLUDING REMARKS 

Some calculated hard-particle results are 
shown in Fig. 1. Because all the scattering 
equations contain the strongly concentra- 
tion-dependent factor (1 - qS) 4, this factor is 
extracted from OIFOp. 

In Fig. 1 one observes that the CS equa- 
tion for hard spheres yields slightly lower 
values than the PY equation, as already 
mentioned. 

The correction for particle size polydis- 
persity is calculated with the actual size 
distribution of our sample (see Section IV). 
The curve is lower than the monodisperse 
PY curve. 

The opposite case is found for deviations 
of the particle shape from the perfect 
sphere. Any nonspherical, hard interaction 
leads to an increase in OIFOp compared 
with the hard sphere. Results are shown 
for k = 1.2, which corresponds for in- 
stance with the hard prolate sphero- 
cylinders treated by Few et al. (19). We 
also presented the case of prolate ellipsoids 
with an axis ratio (a,/ba) = 1.5. Isihara and 
Hayashida (22) and Kihara (23) presented a 
method to calculate k for hard prolate ellip- 
soids as a function of the eccentricity, 
e 2= ( a ~ -  b~)/a~. We used the result k 
= 1 + (4/45)(e4 + e6), which is valid for 
small e, to calculate that k - -  1.059 fo r  
al/b~ = 1.5. One may conclude that the 
correction for the particles being ellipsoids 
rather than spheres is small and tends to 
compensate polydispersity effects. 

OIYOp of the hard dumbbell (DB) shows 
an appreciable deviation which increases 
very rapidly with the volume concentra- 
tion. In Fig. 1 the approximation of 
Nezbeda 's  result (17) is shown. Intuitively 
one expects for high volume fractions 
that (01~C~6)DB ~--- (0YIf0(~)HS , i.e., (Ol~Op)I3B 
~- 2(OI]]Op)ts since PDB = 0-5pHS- Multiply- 
ing the ordinate for the hard-sphere case 
by 2 'l~ yields the line indicated in Fig. 1 
with (x). It can be seen that indeed for 
6 = 0.4 equal values are found. 
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[[kBT)-I[ 6n/Sp] (I- q~)L] 1/2 / 
. . / /  

2.5 

20 / "  . /  / . , / ~  o . j ~ - -  
/ / 

/ . / "  / + . / . J S M ' T J 2 ~  . . . . . .  
/ .  / . / . o / S / j - y ; ' -  . . . .  

, 5 s / " / j S = > - = ~  " 

1.0 / / ~  ' ~ ' ~ " ~  ~ - i i i i 
0.1 0.2 0.3 0.4 0.5 

volume f roc t ion  

FIG. 1. Theoretical results of molecular hard-fluid theories: ( ) PY theory; (A) CS equation; (+) 
reciprocal compressibility of particles with k = 1.2, for instance prolate spherocylinders with 
length to thickness ratio 2; (©) idem for particles with k = 1.059; ( ..... ) [S(0)] -1 according to Eq. 
[II21] with the experimental value (13%) for the standard deviation; (- . - )  Nezbeda's result ap- 
proximated according to Eq. [II20]; (x) explanation is given in text. 

Finally we want  to make  a br ief  remark  
on at t ract ive interactions. The theory  of 
fluids with an interaction potential  different 
f rom the hard-sphere  U(r ) ,  Eq. [II10], is 
complicated.  We will only briefly mention 
here a semiempir ical  approach,  sufficient 
for our further  discussions which was used 
by Agterof  et  al .  (4) to include a van der 
Waals at t ract ive term. They  write for the 
reciprocal  compressibi l i ty  

( kBT) - l (OI I /Op)  

= ( k B T ) - l ( O I F O p ) c s  - ech, [II23] 

where • (>0) is a pa ramete r  describing the 
at tract ive force and ( k B T ) - l ( O I F O p ) c s  is 
given by Eq. [II18]. 

III. MATERIALS AND METHODS 

Lyophil ic  silica particles were  prepared  
in two steps. A silica dispersion in ethanol 
(alcosol) was prepared  according to the 
method of  St6ber  et  al .  (24). The concen- 
trations of  reagents were  0.5 M NH3, 1.3 M 
H20,  and 0.14 M ethylorthosil icate.  The 
react ion was carried out at ambient  tern- 
Journal of Colloid and Interface Science, Vol. 78, No. 2, December 1980 

perature.  Then stearyl alcohol was added to 
the alcosol and ammonia  and ethanol were 
distilled off. The reaction of stearyl  alcohol 
with the silica surface was carried out 
according to the method of Iler (25) at 
180°C. The product  (coded Sa) was purified 
f rom excess  stearyl  alcohol by leading 
nitrogen over  the heated melt (180°C), thus 
carrying the stearyl alcohol vapor  away.  
When mos t  of  the stearyl alcohol was 
r emoved  the silica was dispersed in cyclo- 
hexane and after centrifugation the super- 
natant was discarded. For  further  details of  
the preparat ion of lyophilic silica disper- 
sions we refer  to a for thcoming paper  (26). 

Light-scattering measurements  were car- 
ried out with three series: A, B, and C. In 
series A the silica was dispersed in cyclo- 
hexane after one centrifugation. In series B 
the silica was centrifuged three times and 
then dispersed in cyclohexane.  In series C 
the silica was centrifuged three times and 
after drying redispersed in chloroform. 

The light-scattering measurements  were  
per formed with a Fica 50 light-scattering 
pho tomete r  (Soci6t6 Francaise d ' Ins t ru-  
ments  de Controle et d 'Analyse) .  As a 
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scattering standard pure benzene was used 
(Rg0 = 15.8 × 10 -6 cm -1 at h0 = 546 nm, 
and 45.6 × 10 -6 cm -1 at ~o = 436 rim). The 
experiments were carried out with the 546- 
and 436-nm (unpolarized) lines of a Philips 
CS 100 W/Z mercury arc lamp, at tempera- 
tures between 24.4 and 27.0°C. 

At high scattering intensities attenuation 
of the primary and scattered beams be- 
comes important. We assumed multiple 
scattering to be of minor importance. The 
attenuation correction was applied accord- 
ing to the method of Putzeys and Dory 
(27), which comprises an iteration proce- 
dure with R90 = Rio exp(rl), where the 
turbidity ~- = (16~r/3)Rg0. Rg0 is the Rayleigh 
ratio observed at 0 = 90 °. For the highest 
scattering intensities the correction is 27%. 

Transmission electron microscope meas- 
urements were performed with a Philips EM 
301 apparatus. Carrier grids covered with 
carbon-coated Parlodion films were dipped 
in a dilute dispersion and electron micro- 
graphs were taken of the particles retained 
on the film. 

Light-scattering fluctuation spectroscopy 
was performed with a laboratory-built in- 
strument containing a double-walled ther- 
mostated sample holder (25.0 _+ 0. I°C). The 
514.5-nm line of an Ar-ion laser (Spectra 
Physics Model 165) was used and the light 
was detected by an EMT 9558 photon 
multiplier. The correlation function was 
determined with a Saicor-Honeywell 42A 
correlator, with a photon-counting option. 
The correlation functions were analyzed 
numerically. 

Sedimentation velocity experiments were 
carried out in a Beckman-Spinco Model E 
analytical ultracentrifuge using a 12-mm 
standard single-sector cell and an AN-D 
rotor at temperatures between 23.1 and 
23.5°C. A series of consecutive pictures 
was taken of the Schlieren image of the 
samples. The rotor speed was 6000 rpm. 

Density measurements were conducted at 
25.10°C with a Precision Density Meter 
DMA 02C (Anton Paar KG, Austria). 

IV. P A R T I C L E  C H A R A C T E R I Z A T I O N  

1. Electron Microscopy 

Electron micrographs were taken to 
determine the shape, size, and size distribu- 
tion of the particles (Fig. 2). The shape of 
the particles is irregular. This, however, 
might be caused by the crowding of particles 
due to capillary forces upon evaporation 
of the solvent. In solution the particles are 
probably more spherical. The size of the 
particles was determined by measuring arM 

(alb~) 112, as and b~ being the long and 
short axes of the particle. We found a 
number-average radius of 16.5 nm. Com- 
pared with the hydrodynamic radius (see 
next section), this is quite low. We think 
that this discrepancy is the result of par- 
ticle shrinkage as a result of radiation (26). 
The size distribution is shown in Fig. 3. The 
standard deviation is 13%. For a sample 
very similar to $3 the mean ratio (albO was 
1.3 _+ 0.2. 

2. Light-Scattering Fluctuation 
Spectroscopy 

Light-scattering fluctuation spectroscopy 
was performed with dilute $3 dispersions 
in cyclohexane, chloroform, and n-heptane. 
The autocorrelation function, F(K,r) ,  was 
determined for angles, 15 ° <~ 0 <~ 135 °. Ac- 
cording to the theory, as described in 
detail by Berne and Pecora (28), the auto- 
correlation function for the fluctuations in 
the scattered intensity of noninteracting 
particles is given by 

F(K,.c) ~ exp(-~r) [IVl] 

with ~ = 2DoK 2. Here Do is the diffusion 
coefficient and r is the correlation time. For 
each K the logarithm of the autocorrelation 
function was fitted with a quadratic func- 
tion in ~-, and Do was found according to 
the usual cumulant method. For dilute dis- 
persions the hydrodynamic radius, aD, is 
related to Do by the Stokes-Einstein law, 

Do = kBT/(6rr~oaD), [IV2] 

where ~70 is the viscosity of the solvent (29). 
Journal of Colloid and Interface Science, Vol. 78, No. 2, December 1980 
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FIG. 2. Electron micrograph of sample Sz. 

The diffusion coefficient appeared  to be 
slightly dependent  on the scattering angle, 
0. In Table I average  Do values are listed, 
which are determined by  taking the best  
linear fit in a ~ versus K 2 plot. As a result 
of  this averaging,  Do is mainly determined 
by the scattering at higher angles. For  
both  solvents Do at 0 = 15 ° is approxi-  
mate ly  10% smaller than the mean value. 
The hydrodynamic  radius, aD, is calculated 
with Eq. [IV2]. For  the different solvents 
a lmost  the same value for aD was found. 

3. Ul t racentr i fuge  E x p e r i m e n t s  

Measurements  were carried out in cyclo- 
hexane (30) and also in n-heptane in order  
to increase the difference in refract ive index 
be tween particle and solvent (for n-heptane 
An = 0.06). The sedimentat ion constant  

Journal of  Colloid and Interface Science, Vol. 78, No. 2, December 1980 

was extrapolated to zero concentrat ion ac- 
cording to 

s = So(1 - ksc).  [IV3] 

Here  So is the sedimentat ion constant  at 
infinite dilution and ks is a proport ionali ty 
constant .  The results of  So and ks are 
presented in Table I. 

F rom So and Do the molar  mass  M was 
calculated with 

M = soRT~Do(1 - bSo). [IV4] 

The partial specific volume was determined 
experimental ly  in cyclohexane,  b = 0.621 
cm 3 g--i. We assumed the same value for 

in n-heptane.  The values for the density 
of  the solvent,  ~o, were taken f rom the 
literature (31). Data  f o r M  are also compiled 
in Table I. F rom the molar  mass  and the 
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FIG. 3. Size distr ibution of  sample  $3 de termined 
by electron microscopy.  Total  number  o f  counted  
particles is 133. 

specific volume, the radius, aM, can also be 
calculated (see Table I). 

The particle size distribution, g(a) ,  was 
determined from the Schlieren peaks of two 
concentrations in n-heptane (c = 19.4 and 
6.15 g dm-Z). We used the method of Her- 
mans and Ryke (32). From each concentra- 
tion four peaks were measured and these 
"apparent distributions" were extrapolated 
against (l/t) to infinite time (33), because 
the contribution of diffusion to the boundary 
spread is not negligible for these small 
particles. 

The boundary sharpening effect due to 
particle interactions was eliminated by ex- 
trapolation to zero concentration. Applying 
Stokes' law, which introduces a small error 
since ao > aM, we find g(a)  from g(so). 
The standard deviation is 17%, which is 
close to the value of 13% determined from 
electron microscopy. 

The experimental ks data can be com- 
pared with theoretical values for hard 
spheres, kr~s, in terms of a factor q = d~/c 
(see also Section VI). Assuming that the 
silica particles behave hydrodynamically as 
hard spheres, one may calculate q by equat- 
ing ks = k~sq. Many values for kns have 
been proposed; see e.g. (34). Taking 
Batchelor's value (35) we obtain q = 0.74 

cm 3 g-1 in n-heptane and q = 0.67 cm 3 g-1 
in cyclohexane. In Section VIII we will 
discuss these results in comparison with the 
interpretation of light-scattering data. 

V. STATIC L I G H T - S C A T T E R I N G  
E X P E R I M E N T S  

Three static light-scattering experiments 
were performed; in cyclohexane with par- 
ticle concentrations 0-0.8 g cm -3 (series A 
and B) and in chloroform with particle 
concentration 0-0.46 g cm -3 (series C). 
First the silica, which is usually stored as a 
concentrated solution in cyclohexane, is 
dried at 60-70°C for 18 hr. The sample 
dispersions were prepared either by diluting 
a concentrated stock solution in the cuvette 
(A and B) or by weighing and dissolving 
silica directly in the cuvette (C). The experi- 
mentally measured particle density was 
used to determine the concentration (w/v). 
The dispersions were thoroughly homog- 
enized by shaking (and sometimes sonica- 
tion) and prior to measurement the solutions 
were centrifuged at 5000 rpm for a few 
minutes to remove dust. The measured 
signal was always constant in time within 
-2% even for low 0, indicating the ab- 
sence of dust particles. 

T A B L E  I 

Light-Scat ter ing Fluctuat ion Spect roscopy Resul ts  
(Measured  at 25.0°C) and Ultracentr i fuge Resul ts  
(Measured  at 23.1-23.5°C) of  Dilute Silica Disper- 
sions in Cyclohexane ,  Chloroform, and n -Hep tane  a'b 

Solvent 

Cyclo- Chloro- 
hexane form n-Heptane 

"00 (10 -3 kg m -1 sec -1) 0.902 0.542 0.386 
Do (10 11 m z sec-1) 1.10 1.88 2.45 
ao (nm) 22 21.5 23 
So (10 -1° sec) 0.681 c - -  1.81 
ks (cm -3 g-~) 4.4 c - -  4.8 
M (107 g mo1-1) 2.95 - -  3.17 
aM (rim) 19.4 - -  19.8 

a The sedimenta t ion data  are conver ted  to 25.0°C. 
b Viscosi ty data  are taken from the literature (29). 
c See Ref. (30). 
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First we shall now present some primary 
results, which are not yet corrected for 
attenuation of the incident and scattered 
light. Then we will treat the results (cor- 
rected if necessary) for K ~ 0, and also 
results forK > 0. Finally we shall pay some 
attention to the strongly increasing scatter- 
ing intensity at small 0, which is observed 
at very high concentrations. 

1. Primary Results 

Light-scattering results for low to inter- 
mediate concentrations are given for some 
silica dispersions at X0 = 436 nm: Fig. 4, 
series B in cyclohexane; Fig. 5, series C in 
chloroform. Similar results were obtained 
for series A and at X0= 546 nm. The 

[c(l+cos 2 e)/R(K)] / gcm -2 

7O 

6o 

05 1.0 1.5 
K2/1011 cm -2 

FIG. 4. Light-scattering results of series B (in 
cyclohexane), for h0 = 436 nm. The concentrations, 
c, are in g cm-a: (©) 0.0089; ([]) 0.0110; (•) 0.0423; 
(27) 0.0540; (O) 0.0721; (11) 0.0934; (A) 0.124; (!?) 
0.153; (~) 0.191; (<D 0.192; (O) 0.217; ('4) 0.254; 
(t>) 0.276. 
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log [RIK)/(1 .~os 2 e)] 

-25t-, 

- 3.0 

o 
o o 

_ & ~ _  o 

I 
-4.' 01.5 1.0 115 

K2/1011 cm -2 

FIG. 5. Light-scattering results of series C (in 
chloroform), for h0 = 436 nm. The concentrations are 
in g cm-3: ((3) 0.00925; (O) 0.0458; (E3) 0.0885; ( I )  
0.113; (A) 0.124; (A) 0.200; (0)  0.467. Also a dispersion 
with c = 0.297 was measured, but the result is not 
shown here for reasons of clarity. 

scattering intensity in chloroform is much 
smaller than in cyclohexane. This must be 
attributed to the closer proximity of the 
refractive index of particles and solvent 
in chloroform. The angular dependence of 
the scattering is simply linear in K 2. In 
chloroform there is a curvature at small 
angles, shown in Fig. 5 (which is plotted on a 
logarithmic scale because of the curvature). 
This is probably caused by polydispersity 
in size and optical density of the particles 
which is more perceptible in chloroform be- 
cause of nearly matching refractive indices. 
This is discussed in more detail else- 
where (36). 

In the range of intermediate to high silica 
concentration, increasing deviations from 
the simple, linear KLdependence were 
found at small K values. A very pro- 
nounced forward scattering emerges which 
increases with increasing concentration. An 
example is given in Fig. 6 for series B in 
cyclohexane. For the larger scattering 
angles, however, the plots become linear 
again. This phenomenon is attributed to the 
formation of large clusters of particles. It 
will be discussed further in Section VII. 
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Iog[R(K)/(I+ cos 2 e)] 

-1.5 

-2.5 - " ~ ~ ~ 

I 
0 0.15 1.10 1.5 

K2/1011 cm "2 

FIG. 6. Idem Fig. 4. The concentrations are in 
g cm-3: (O) 0.809; (@) 0.728; (I-q) 0.664; (11) 0.576; 
(A) 0.461; (A) 0.460; (C,) 0.390; (0) 0.351. 

2. Scattering at K ~ 0 

The scattering intensity in the long- 
wavelength limit K ~ 0 is found by ex- 
t rapolat ion f rom finite angles. For  the 
lower and intermediate concentrat ions this 
extrapolat ion can be accurate ly  performed,  
because  of  the linearity of  the plots (see 
Fig. 4 for  cyclohexane) .  For  chloroform,  

points below 0 = 60 ° were  omit ted (see 
previous  section). 

Results for  the lowest  concentrat ions are 
presented separately  in Fig. 7. According to 
Eq. [II9], M and A2 can be calculated. 
Because  the refract ive index increment  
could not be determined accurately ,  we 
have  calculated instead the refract ive index 
of  the particles f rom the M value as deter- 
mined by sedimentat ion veloci ty and dif- 
fusion (see ' fable  II). Values of  A2 could 
only be es t imated and are given in Table II. 
For  a more  extended concentrat ion range 
including the intermediate concentrat ions 
the ext rapola ted  intensities were  expressed  
as OII/Op according to Eq. [118] after  a 
proper  normalizat ion of  OIl/kaTOp to unity 
at p --~ 0. The uncertainty in this normaliza- 
tion introduces a systematic  error  in OII/Op 
which is less than 10%. Results  for series 
A (c -- 0 - 0 . 5  g cm-~), series B (c = 0 -0 .35  
g cm-3), and series C (c = 0 -0 .30  g c m  -z) 
are shown in Fig. 8 for ho = 436 nm. :The 
square root  of  Ol-l/kBTOp is taken in view of  
the large range of  values this quanti ty as- 
sumes.  The results for h0 = 546 nm (not 
shown for clarity) are in good agreement  
with those for h0 = 436 nm. 

For  the highest concentrat ions extrapola-  

[2c/R(o)] /g cm-2 
5C 

4C .)C 

I 3c 
2C IC 

2'.s 

Jf, 

L 

5 7!5 1~ ' 12.5 

concentration c/10 .2 g cm -3 

FXG. 7. Zero angle scattering as a function of particle concentration in the dilute region (ho = 436 
rim). The left-hand ordinate scale corresponds with series C (11), the right-hand one to series A (O), 
and series B (/x). The factor 2 in [2c/R(O)] originates from the (1 + cos 2 0) term. 
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tion to K = 0 is very difficult, due to the 
strong curvature in the angular dependence 
at small 0 (see Fig. 6). Some data for 
series B are shown as vertical bars in Fig. 
8. They show a discontinuity with the 
trend at intermediate concentrations. The 
relative decrease in OIFOp is attributed by 
us to the presence of  large clusters of  par- 
ticles. The angular dependence at higher 
angles is still linear in K 2 (see Fig. 6). One 
could argue that in this angular range the 
scattering phenomenon probes the osmotic 
compressibility of  the particles inside the 
large clusters. To check this we extrapolated 
the linear parts of  the plots (0 > 90 °) to 
K = 0. These extrapolated points are also 
given in Fig. 8. One observes indeed that 
the trend of  the intermediate concentrations 
now continues smoothly to larger concen- 
trations although there is still a downward 
trend at the highest concentrations.  

[(kB T)4 (SFl/Sp)] I/2 

o~. 
~ o  

' o12 ' o'.~ 

t~ 

& o 

g, 

e 

o 

# 

o 

' ' t i t  

I 015 I 018 

concen t ra | io r }  c/g cm -3  

FIG. 8. The square root of (kBT)-l(OI]/Op) for Xo 
= 436 nm: (0) series A; (©) series B; (11) series C; 
(A) series B, but instead of data extrapolated to 0 
= 0 °, data at 0 = 150 ° are taken. Data with error bars 
correspond to results extrapolated to K ~ 0 from 
small 0, see text. 

3. Scattering at 0 = 150 ° 

In view of the uncertainties introduced 
by the sometimes long extrapolations re- 
quired to obtain the scattering at 0 = 0, we 
will also give the results for series B at 
0 = 150 °. For  convenience they are also 
expressed as a normalized Ol-FOp in Fig. 8 
(triangles). One notes also that these data 
follow a smooth curve over the whole 
concentrat ion range. 

TABLE II 

Light-Scattering Data Obtained from 
Dilute Dispersions a 

E x p e r i m e n t  

A B C 

An (h0 = 546 nm) (10 -2) 2.5 2.3 1.5 
An (X0 = 436 nm) (10 -2) 2.4 2.0 1.3 
A2 (h0 = 436 nm) (cm 3 g-0 0 4 3 
Rg (h0 = 546 nm) (nm) 27 28 29 
Rg (ho = 436 nm) (nm) 23 27 23 

a Values for An were calculated with M = 3.0 x 10 r 
g tool -1. The temperature ranged from 24.4 to 27.0°C. 
The uncertainty in An, A2, and Rg is 0.001, 1 cm 3 g-l, 
and 2 rim, respectively. 

4. Slope o f  the Angular Dependence as a 
Function of  Concentration 

From Fig. 6 one observes that the (limit- 
ing) slope of  the curves at higher K 2 
values depends on concentration. The rea- 
son is that for c > 0, interactions between 
particles also affect the angular dependence,  
(see Eqs. [II1], [II16]). For  convenience we 
shall express the slope as an apparent 
radius of  gyration (R~)app. At c = 0 this 
equals R~ of  the particles (see Table II). The 
variation of  (RZg)app with concentration is 
plotted in Fig. 9. Because the angular 
dependence is small, the apparent radius of 
gyration cannot be determined very ac- 
curately. We estimate the accuracy in Fig. 
9 to be - 1 0 0  nmL For the sake of  clarity 
error bars are not drawn in the figure. The 
results for X0 = 546 nm exhibit the same 
trend. The absolute values, however ,  
mostly exceed the 436-nm results, the largest 
discrepancy being 300 nm 2 and generally 
<150 nm 2. We have no explanation for 
this discrepancy. For  both wavelengths the 
apparent radius of  gyration of  series B 
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FIG. 9. The apparent radius of gyration as a function of concentration (Xo = 436 nm); (O) series A; 
(©) series B; (11) series C. The drawn line is a theoretical curve (see Section VI). 

slightly exceeds  the values for A and C. This 
will be discussed in Section VII I .  

vI. INTERPRETATION WITH 
FLUID-STATE THEORIES 

The exper imenta l  O17dkBTOp data can be 
compared  with theoretical  results,  e.g.,  Eq. 
[II18], when the volume fraction is known.  
Howeve r ,  since OIFOp is strongly depend- 
ent on 05, the specific volume of  interac- 
tion, q, which relates the exper imental  
concentra t ion to the volume fraction (05 
= qc), should be known very  accurately.  
Therefore  it is more  appropr ia te  to treat  q 
as the fitting parameter .  Then f rom q the 
hard-sphere  diameter ,  or, can be calculated 
quite accurate ly  since 

Or = [6qM/zrNA] 1/3. [VII]  

We will now discuss the compressibi l i ty,  
the posit ion and numerical  value of  the 
max imum of R(0), the s tructure factor  at 
0 = 150 °, and the angular dependence  as a 
function of  concentrat ion.  

1. Reciprocal Compressibility 

The exper imenta l  compressibi l i ty  data 
(see Fig. 8) were  fitted with Eq. [II18]. In 

Fig. 10 such a fit is shown for series A 
(0 ~< 4) ~< 0.3) with q = 0.73 cm 3 g-1. The 
error  in q arising f rom the systemat ic  error  
in OII/Op (<  10%) is 0.03 cm 3 g - ' .  The ran- 
dom error  in OII/Op is mainly due to the 

K---> 0 extrapolat ion and is smaller than 
5%. One notes f rom Fig. 10 that  except  for 

the lower  concentrat ions the exper imenta l  
data  are close to the theoretical  curve.  

Clearly the interactions can be reasonably  
described with the hard-sphere  model.  For  

series C we obtained a good fit for q =- 0.75 
___ 0.03 cm 3 g-1. Also for series B the 
results could be fitted quite well, but with 
q = 0.87 +_ 0.04 cm 3 g- l ,  which is signif- 
icantly larger than f o r  A and C. This will 
be discussed in Section VIII .  The experi-  
mental  data  can be fitted equally well with 
a theoretical  curve,  which has been cor- 
rected for the polydispersi ty  of  the sample 
(see Eq. [1121]. Slightly larger q values 
were  obtained for each series (see Table III).  

q can be determined rather  accurate ly  at 
0.1 < 4) < 0.4, because  OII/Op increases 
steeply with 05 in this region. At 4) < 0.1, 
however ,  q is inaccurate,  since OH/Op is 
less steeply increasing with 05 and also the 
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(kB T)-I(6 ri'/Sp} 

O0 01/. 011 012 013 
volumefrociion ~0 

FIG. 10. Comparison of experimental and theoretical (drawn line) (kBT)-l(OI]/Op) as a function of 
the volume fraction (series A). (©) h0 = 546 nm; (O) h0 = 436 nm; q = 0.73 cm z g-1. 

exper imenta l  da ta  are scat tered.  Es t imates  
o f  q (=Az/4 ;  c o m p a r e  Eqs.  [II9] and [II19]) 

de t e rmined  at low concen t ra t ions  are  also 
given in Table  I I I .  

A more  sensi t ive test  is possible  by  
plot t ing [(kBT)-l(O1J/Op)(1 - ~b)4] 112 versus  

~b (=qc ) ,  similar to Fig. 1. In  Fig. 11 the 
results  o f  such a c o m p a r i s o n  are shown for  

q = 0.73 cm 3 g-~ (series A), q = 0.87 
cm 3 g-1 (series B), and q = 0.75 cm 3 g-~ 

(series C). Er rors  in the da ta  o f  Fig. 11 are 
es t imated  f rom the sys temat ic  e r ro r  in the 

exper imenta l  (OII/Op) values  and their  cor-  
r e spond ing  e r ro r  in q values.  The  er ror  in 

c is negligible. E r ro r  bars are d r awn  for  
the resul t  o f  series C. Series C shows  an 

excel lent  fit up to ~b = 0.35. Series A and 
B show devia t ions  at ~b > 0.4. This will be 

d i scussed  in Sec t ion  VII I .  
Journal of Colloid and Interface Science, Vol. 78, No, 2, December 1980 

2. Maximum in the Scattering 
Intensity R(O) 

Recall ing Eqs.  [II8], [II18], and [II23] 
one  can  der ive  for  R(0) 

qR(O)/ZYgM = 4>(1 - qb)4[(1 + 2~b) z 

+ ~b~(~b - 4) - e~b(1 - (]))41-1. [VI2] 

This equa t ion  shows a m a x i m u m  o f  R(0) at 
a cer ta in  q5 = Smax = 0.1304. The  posi t ion  
o f  ~ m a x  does  no t  depend  on ~. The  height  
o f  the m a x i m u m  is 0.0472 for  hard  spheres  
(e = 0) and b e c o m e s  larger  for  E > 0. 

F r o m  the posi t ion  o f  the m a x i m u m  one 
m a y  obta in  a value o f  q = 0.1304/Cmax. Be- 
cause  the m a x i m u m  is no t  ve ry  sharp and 
the exper imenta l  da ta  are sca t te red ,  q can 
only  be es t imated  roughly  (see Table  III) .  
Fo r  series C the height  o f  the  m a x i m u m  
c o m p a r e s  well with the theore t ica l  hard-  
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T A B L E  I I I  

q V a l u e s  (c rn  a g - l )  O b t a i n e d  b y  C o m p a r i n g  t h e  

T h e o r e t i c a l  C a r n a h a n - S t a r l i n g  E q u a t i o n  w i t h  E x p e r i -  

m e n t a l  D a t a  

Series 

A B C 

0 < {b < 0.10 0 _+ 0.4 1.0 -+ 0.25 0.75 ± 0.25 
0 < q5 < 0,40 0.73 +_ 0.03 0.87 ± 0.04 0.75 _+ 0,03 
0 < tb < 0.40" 0.76 ± 0.03 0.91 -+ 0.04 0.78 -+ 0.03 
{b = 0.1304b 0.9 ± 0.1 1.0 ± 0.1 0.65 ± 0.1 

a Polydispersity taken into account in the theoretical equation. 
b Turbidity maximum. 

sphere value. For  series A and to a minor 
extent  also for B the maximum is higher. 

3. Structure Factor  at 0 = 150 ° 

The experimental  [S(K)] -1 values, which 
were determined for K corresponding to 
0 = 150 ° (see Fig. 8), can also be fitted with 
theoretical  values. In this way we obtain a 
check on the consistency of  the fitting pro- 
cedure at K = 0 and K > 0. The theoretical  
curve was calculated according to Eqs. 
[1116] and [1117]. For  A and B we calculated 
or f rom q and M according to Eq. [VII]. The 
error  due to truncation at the K~-term was 
less than 2%. It appeared that a similar 

fit as in Fig. 11 could be obtained, indi- 
cating that the experimental  results at 0 
= 150 ° can be fitted with the theoretical 
result, using the q values obtained at K = 0. 

4. Apparen t  Radius o f  Gyration 

By combining Eqs. [II1], [114], [1116], and 
[II17] we obtain for the apparent  radius 
of  gyrat ion 

(RZg)app -: R~ - 3~[(4~b/5) - (11{h2/20) 

+ (~bal5)](1 + 2~b) -2. [ V I 3 ]  

The decrease in the apparent radius of  gyra- 
tion due to the hard-sphere interaction can 
be calculated when o- is known. If  we take 
q = 0.73 cm a g-1 and o - =  41.1 nm, the 
second term in the right-hand side of  Eq. 
[VI3] can be determined (solid line in Fig. 
9). The theoretical  curve (with R~ = 5.4 
× 102 nm 2) yields qualitatively the same pic- 
ture as the experimental points. The most re- 
markable discrepancy is the more pronounced 
increase at very  high concentrat ions.  

V I I .  C L U S T E R  F O R M A T I O N  

For  the highest dispersion concentrat ions 
in cyclohexane and also to some extent  in 

[[k B T} -I (BF]/Sp}ll - qo] 4 ] 1//2 
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FIG.  11. F i t  o f  t h e o r e t i c a l  C S  e q u a t i o n  ( d r a w n  l ine )  a n d  e x p e r i m e n t a l  r e s u l t s  (h0 = 436  n m ) ;  (@) 

s e r i e s  A ,  q = 0 .73  c m  a g - l ;  ( © )  s e r i e s  B ,  q = 0 . 8 7  c m  a g - t ;  ( l l )  s e r i e s  C ,  q = 0 . 7 5  c m  a g - t .  
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chloroform,  we found a strongly upward 
bending scattering curve  at small angles 
(see Figs. 5 and 6). In this section we will 
go into a little more  detail on this phe- 
nomenon.  The basic idea is that  at high con- 
centrat ions a small number  of  large clusters 
of  particles is formed.  This cluster  forma-  
tion is p robab ly  reversible,  because  it dis- 
appears  upon dilution with solvent.  Perhaps  
it may  be correlated with a phase  trans- 
format ion  f rom the liquid to an ordered 
state. For  the scattering of  such a sys tem 
we shall write analogous to Eq. [II1] 
(see e.g. (37)) 

R'(K)/(1  + cos 2 0) = Y { c M P ( K ) S ( K )  

+ Y F c ' M ' P ' ( K ) S ' ( K ) ,  [VII1] 

where the second te rm of the right-hand 
side denotes  the contr ibution of  clusters. 
R ' ( K )  is the scattering of  the total sys tem 
(i.e., individual particles + large clusters),  
which is experimental ly  measured.  The 
symbol  R ( K )  in the previous sections was 
used to designate the scattering of the in- 
dividual particles (with maybe  some dou- 
blets), which can be measured  directly at 
high 0, because  P ' ( K )  falls off  very  rapidly 
with 0 and the presence  of  clusters is 
p robably  not observed  anymore  at 0 > 90 °. 
At low angles the size of  the clusters is 
detected and at high angles the interior of  the 
clusters determines  the scattering. For  low 
O, R ( K )  is found by  extrapolat ion.  I f  we 
now assume that the mutual  interaction be- 
tween clusters is small, S ' ( K ) - ~  1, then 
the size of  the clusters can be determined 
f rom the difference of  R ' ( K )  minus R ( K )  
according to 

[ R ' ( K )  - R(K)]/(1 + cos z 0) 

= Y f ' c 'M 'P ' (K) .  [VII2] 

For  both  wavelengths  we found for the 
radius of  the cluster  a '  -~ 200 nm (Fig. 12). 
Also a rough est imate can be made of  the 
concentra t ion of clusters f rom the differ- 
ence R'(0)  - R(0). F rom Eq. [VII2] we get 
for K = 0 by dividing with R(0) 
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FIG. 12. The angular dependence of scattered 
light (experiment B, ~ = 436 rim), corrected by 
subtracting R(K), which is found by extrapolation from 
higher 0. The concentrations are in g cm-a: (©) 0.809; 
(O) 0.728; ([:3) 0.664; (tt) 0.576; (A) 0.460; (O) 0.390. 
The dashed line represents P'(K) of a cluster with 
radius 210 nm. 

[ R ' ( 0 )  - R(O)]/R(O) 

= (dn/dc')2c'M'/(dn/dc)2cMS(O), [VII3] 

where (dn/dc')  is the refractive index incre- 
ment  of  the cluster, which is not equal to 
(dn/dc), because  the scattering power  of  the 
cluster is determined by the difference of  
the refract ive indices of  cluster,  n ' ,  and 
concentra ted  solution of  individual par- 
ticles, n, (dn/dc')  = (n'  - n)/6' ,  6' is the 
density of  the cluster. For  n ' ,  n, and 6' we 
have 

n' = no + (dn/dc)cc, 

n = no + (dn/dc)c,  

6' = ~bc8 + (1 - ~bc)60. [VII4] 
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T A B L E  IV 

Es t imates  of  Cluster  Concent ra t ion  c'/c 
for Exper iment  B, h0 = 546 n m  

Concentration 
(g cm -a) [c'/c] (10 -z) 

0.81 > 2  

0.73 1 

0.66 0.4 

0.58 0.2 
0.46 0.07 

0.39 0.03 

Here  Cc and ~bc are the concentrat ion and 
volume fraction of  particles in the cluster. 
g0 is the density of  the solvent. From 
Eq. [VII4] we obtain for the ratio of  refrac- 
tive index increments 

( dn/dc ')/( dn/dc ) 

= (Cc - c)/[~bc~ + (1 - 6c)~01. [VII5] 

This ratio can be calculated taking a = 1.61, 
a0 = 0.774 g cm -3, and 6c = 0.637, which is 
found for dense packings of  hard spheres 
(38). F rom the size we can estimate the 
ratio M ' / M  and then also the ratio c'/c can be 
determined. In Table IV some values are 
listed for experiment  B, h0 = 546 nm. The 
concentrat ion of large clusters appears to be 
quite low even at the highest concentra- 
tions. If  S'(0) < 1 Eqs. [VII2] and [VII3] 
are not valid and the calculated concentra-  
tion of  large clusters would be larger. 

VII I .  D I S C U S S I O N  

1. Concentrated Dispersions 

From Figs. 10 and 11 we note that the 
experimental  Ol-I/Op data can be fitted in a 
large range of volume fractions with a single 
q value. This indicates that the hard sphere 
is a good model for par t ic le-par t ic le  inter- 
actions in these dispersions. One cannot  
judge the importance of  polydispersity or 
nonspherici ty,  however ,  because theoreti- 
cal results, which take these effects into 
account,  can be equally well fitted with 
slightly different q values. Series C in 

chloroform shows an excellent fit for all 
volume fractions, corresponding to 0 < c 
< 0.46 g c m  -3. Series A and B in cyclo- 
hexane also show a reasonable fit for 6 
< 0.4. In series A, however ,  the lowA2 and 
sharper maximum of  R(0) vs c seem to 
indicate some attraction. The fitting proce- 
dure  of  the structure factor  at 0 = 150 ° 
yields consistent  results with OII/Op. 

In discussing q values (see Table III), we 
will focus on the data obtained with the fit 
at 0 < ~b < 0.4 (without polydispersity cor- 
rection), because these values are more 
accurate than the values obtained from Az 
and Cmax. q can be determined most 
accurately from experimental  data at 0.1 
< ~b < 0.4. Within experimental  error  A 
and C are in good agreement.  The q value 
of series B is larger. Because in series B 
the experimental  data also fit the theoretical 
equation, the quality of  the fit itself is not a 
satisfactory criterion for choosing the cor- 
rect  q. We think that the q value of  A and 
C is better,  because it is close(r) to the 
value determined from sedimentation in 
n-heptane and cyclohexane and also to 
the experimental ly measured specific vol- 
ume (=0.621 cm 3 g-l,  see Section IV). 
Therefore  we calculated the distance of  
hard-sphere interaction, arts = or/2, from q 
obtained for A. From Eq. [VI1] we ob- 
tained aas = 20.6 -+ 0.4 nm (see Table V) 
which is quite comparable with aD and 
aM. In the next  subsection we will dis- 
cuss the results of  B. 

2. Complications 

Contrary to the interpretation of  the 
results for th < 0.4 complications due to 
cluster formation arise for 6 > 0.4. Large 
clusters cause strongly upward bending 
scattering curves (see Figs. 5 and 6), which 
make extrapolation to K --~ 0 very difficult. 
Consequently the compressibility of  the par- 
ticles inside the clusters can only be roughly 
estimated by extrapolation from 0 t> 90 °. 
Presumably the less steeply increasing 
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017/09 (Fig. 8), the increase in (R2g)app 
(Fig. 9), and the deviation from the theoreti- 
cal curve (Fig. 11) all at high ~b stem 
from erroneous extrapolation. 

We investigated whether or not the large 
q value of series B could be correlated 
with the occurrence of small aggregates 
of particles, e.g., doublets. Using the q 
value o f  ser ies  A in order to calculate qb, 
[(kBT)-~(OII/Op)(1 - qb)4] ~/z was plotted vs 
4) (see Fig. 13) analogous to Fig. 11. The 
dots show an approximately linear increase 
with q5 with a slope of 2.8. The dashed 
line represents the hard-sphere theoretical 
curve, as given in Fig. 11 with a slope of 
approximately 2. 

The value 2.8 is intermediate between 2.0 
(hard spheres) and 3.8 (hard dumbbells); 
see Fig. 1. 

Another indication for the presence of 
doublets is Rg (aR~), which is high compared 
to az> (see Tables II and V). Nonhomogeneity 
of the optical density within the particle can 
be important in chloroform but not in 
cyclohexane (36). Neither could non- 
sphericity explain the discrepancy, since 
Rg (6) and Do (39) are affected qualitatively 
in the same manner. For systems with 
doublets and triplets of particles Benoit 
et  al. (40) derived 

R ( K ) / Y { c M  = (1 + P + 4Q/3 + . . . )  

- (KaR,)~(1 + 13P/3 

+ 112Q/9 + .--)/5, [VIII1] 

where P = c2/c and Q = c3/c, c ,  c2, and 

TABLE V 

The Particle Size (in nm) (Measured with Different 
Techniques) and Distance of Hard-Sphere Interaction 
(in nm) for the Experiments in Cyclohexane 

aEM aB aM aRg a arts b 

16.5 22 _+ 1 19.4 +_ 0.2 30 _+ 3 20.6 _+ 0.4 

Calculated from aR, = (5/3)'/~Rg forRg = 23 _+ 2 nm. 
b Calculated with q = 0.73 -4- 0.03 cm 3 g- ' ,  M = 3.0 

_+ 0.1 × 10 r g mo1-1. 

I( k B T)' l(ST'[/SP)(1 - ,.p)4 ]y~ 
/ 

1.6 / 
• / 

/ 
/ 

1.4 

// ' /" 
1.2 / ~ / " I  

0'1 0!2 0'3 0'4 0'5 
volumefroclion ~0 

FIG. 13. Fit of experimental results of series B 
(h0 = 436 nm) for q = 0.73 cm ~ g-1. The experimental 
points are markedly higher than the theoretical 
CS result ( . . . . .  ). 

c3 being the total, doublet, and (linear) 
triplet concentrations (w/v), respectively. 
The difference between aRg and aD can be 
explained by taking, e.g., P = 0.2 and 
Q = 0, or P = 0.1 and Q = 0.05. The light- 
scattering fluctuation spectroscopy tech- 
nique is much less sensitive to the presence 
of doublets. The presence of, e.g., 20% 
doublets affects the hydrodynamic radius 
only to a minor extent. From the transla- 
tional friction coefficients of doublets and 
triplets (41), the sedimentation constants 
can also be calculated. 

No significant shoulders, however, were 
found in the sedimentation experiments, 
indicating that the amount of doublets etc. 
is small. We conclude that some doublets 
and/or triplets offer a satisfactory explana- 
tion for the large Rg. Comparing R g  values 
of series A and B it seems that more 
doublets are present in series B. 

The differences in series A and B pre- 
sumably originate from the preparation pro- 
cedure, which was different for both series. 
It is conceivable that the centrifugation, 
which was carried out three times for 
series B in order to remove excess stearyl 
alcohol, caused the formation of aggregates 
which did not completely disperse again. 
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3. Conclusions 

Organophilic silica appears to be a proper 
model colloid to study particle-particle 
interactions in apolar media in a large range 
of concentrations. Fluid-state theories can 
be successfully applied to interpret light- 
scattering results of concentrated silica 
dispersions in cyclohexane and chloroform. 
Compressibilities and also scattering results 
at 0 = 150 ° agree rather well with the hard- 
sphere model. Large clusters of particles 
appear at the highest concentrations. Small 
aggregates (e.g., doublets) are sometimes 
present at all concentrations. 
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