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ABSTRACT: Static and dynamic light-scattering experiments have been performed on isotropic disper- 
sions of sterically stabilized polydisperse boehmite rods, with an average length to width ratio of 6.4. 
Measurements were made up to concentrations close to the isotropic nematic phase separation. At high 
concentrations, the scattered intensity autocorrelation function of the rods is found to separate in two 
modes that are attributed to collective and exchange diffusion. Corresponding mode amplitudes are in 
fair agreement with results of the polydisperse scaled particle theory. Whereas the collective mode decay 
time is hardly concentration dependent, the exchange mode decay time decreases exponentially with 
concentration. 

1. Introduction 
Many experimental model studies on structural and 

dynamical properties of concentrated colloidal systems 
have been performed using static and dynamic light 
~ca t te r ing . l -~  Most of these studies are devoted t o  
spherical particles, although several experiments on 
rod-shaped virus particles (mostly tobacco mosaic vi- 
r ~ s ) ~ ! *  and rigid rodlike  polymer^^!^ have been per- 
formed. 

Here we present a static and dynamic light-scattering 
study on dispersions of poly(isobutene)-grafted boehmite 
rods, the synthesis of which was recently developed in 
our laboratory.lOJ1 The rods used in this study have 
an  average length of 71 nm and an average width of 
11.1 nm, with a polydispersity of about 40%. The 
concentration ranges from the dilute regime to the 
concentrated regime close to the isotropic nematic phase 
separation. 

The main feature of the dynamic light-scattering 
(DLS) measurements is the separation of the autocor- 
relation functions at  higher concentrations in a fast and 
slow mode. Analogous to a system of spherical particles, 
this is interpreted as being due to the polydispersity. 
Following this analogy, the fast mode is attributed to 
collective diffusion and the slow mode is attributed to 
exchange (or self-) d i f f ~ s i o n . ~ J ~ J ~  The corresponding 
mode amplitudes, resulting from the combination of 
dynamic and static light-scattering (SLS) measure- 
ments, are compared to results from the scaled particle 
theory (SPT) for polydisperse rods, which recently has 
been extended to calculate the scattered intensity at  
zero scattering angle.14 

A complication affecting the measurements is a 
moderate degree of clustering in the dispersions, which, 
so far, we have not been able to avoid. Fortunately, this 
clustering gives rise to a well-separated additional decay 
mode in the autocorrelation function. This allows the 
separation of the scattering in a part due to clusters 
and in a part due to  individual rods. 

In section 2 we outline the static and dynamic light- 
scattering theory for polydisperse rod-shaped particles. 
Section 3 gives the experimental details, and in section 
4 the characterization and dispersion properties are 
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described. The results obtained with static light scat- 
tering and the presence of clusters are discussed in 
section 5 ,  whereas the dynamic light-scattering mea- 
surements are discussed in section 6. Here section 6.1 
describes the scattering of a dilute dispersion, and 
section 6.2 gives the scattering as a function of the 
concentration. Finally, some concluding remarks will 
be given in section 7 .  In the Appendix the explicit 
equations are presented, describing the length and 
width polydispersities that are used in several model 
calculations. 

2. Light-Scattering Theory 
2.1. Preliminaries. We consider the scattering of 

an isotropic dispersion of N polydisperse rods in a 
scattering volume, V,. Within the Rayleigh-Gans- 
Debye (RGD) approximation, the time-averaged scat- 
tered intensity for vertically polarized incident (and 
scattered) light of intensity 10 is given by2-5 

<I&)> = N<b2(k,u)>SM(lz) (1) 

Here SM(k) is the “measured” structure factor describing 
the interparticle interference, 

exp[ik*(r, - rj)]> (2) 

with ri and rj the positions, bi and bj the scattering 
amplitudes, and u i  and uj the orientation vectors of 
particle i and j ,  respectively. The angular brackets 
denote ensemble averaging over all possible positions 
and orientations, whereas a bar indicates number 
averaging, so that the mean-square scattering ampli- 
tude is given by 

(3) 

The length of the scattering vector k is given by 

4zn (4) k = - sin(W2) 

with n the refractive index of the dispersion, 20 the 
wavelength of the light in vacuo, and 8 the scattering 
angle. The scattering amplitude b(k,b) of a single 

J.0 
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particle with orientation u is giving: 

where r is the distance between the scattering volume 
and the detector, Q is the number density of the 
particles, and f(k,u) describes the interference effect of 
light scattered within single particles, which for cylin- 
ders takes the form 

I 

f7k.u) = (6)  

with L the length and D the diameter of the cylinder, 
and J1 the Bessel function of the first kind of order 1. 
Note that fL(k,u) is equal to the form factor P(k,u) of a 
~y l inde r .~  For infinitely thin rods, the first quotient on 
the right-hand side of eq 6 is 1 and f(k,Q) is given by 
the second quotient involving the sine function. The 
refractive index increment (an/aQ)T can be expressed in 
terms of the refractive indices of the particle (a,), which 
is assumed to be isotropic. and the solvent ( n d  

17) 

where V, is the volume of the p a r t i ~ l e . ~  Equation 7 is 
only accurate for Inp - n,l << 1, which, however, is also 
a requirement for the validity of the RGD theory 
i t ~ e l f . ~ % l j  

The normalized autocorrelation function of the scat- 
tered electric field amplitude E is 

can/aQIT = V,(n, - n,) 

with FM(k,z)  the measured dynamic structure factor 
given by 

Note that F'(k,O) = SM(kl. 
2.2. Static Light Scattering of an Assembly of 

Rods. Monodisperse Rods. It is not possible to  
separate the orientation dependent scattering ampli- 
tudes b, and bJ from the position dependent exponential 
in the ensemble average in eq 2, because the probability 
of finding particle i a t  distance /rL - rJl from particle j 
depends strongly on the size and orientation of the 
particles. However, for identical particles with an 
isotropic refractive index, and in the limit of small 
scattering vectors k, b(k,u) is constant (f(k,u) = 1) and 
this separation can be made. For this special case, eq 
2 reduces to  

where k~ is the Boltzmann constant, T is the absolute 
temperature, and n is the osmotic pressure. Using eq 
10, the scattered intensity can be calculated from the 
osmotic compressibility, which can be obtained conve- 
niently within the scaled particle theory for a system 
of hard spherocylinders (i.e., cylinders of length L and 
diameter D, capped at  both ends with a semispherej. 

(11) 
9y"y - 112 
i3y - 112 

c, = 
3 y 2  + 1 c,=- 31/ - 1 

where y = ( L  + DYD. It is known that the osmotic 
compressibility of a dispersion of hard repulsive spheres 
decreases so strongly with increasing concentration that 
the scattered intensity of a dispersion of repulsive 
spheres goes through a maximum as a function of the 
concentratioa6 On the basis of eq 11, we expect a 
similar behavior for the scattering of rodlike dispersions. 

For larger scattering vectors, only second virial 
theories provide analytical expressions. leZo These 
theories are considered to  be rather good only for 
systems of very long and thin rods up to the concentra- 
tion of the isotropic nematic phase separation. 

Polydisperse Rods. The structure factor for rods 
polydisperse in length can also be calculated using a 
second virial approach.21 The restriction concerning the 
aspect ratio is similar as for the monodisperse case, and 
in the remaining part of this section, we will focus on 
scattering in the limit of small scattering vectors, where 
recently theoretical results for polydisperse rods were 
presented14 (see section 2.4) which are valid up to  high 
concentrations. These results were derived on the basis 
of the scaled particle theory and showed an intensity 
maximum for polydisperse rods as well. 

For polydisperse particles, not only (collective) con- 
centration fluctuations (or, more precise, fluctuations 
accompanied by variations in the osmotic pressure) give 
rise to refractive index variations but also exchange 
fluctuations from particles of different size and/or 
refractive index (without fluctuations in the osmotic 
pressure). Still, for polydisperse particles, the intensity 
can go through a maximum with increasing concentra- 
tion, as was demonstrated for spheres already some 
time ago.22 

2.3. Dynamic Light Scattering of a Dilute As- 
sembly of Rods. We first consider a dilute isotropic 
dispersion of monodisperse rods, for which the dynamic 
light scattering is composed of a contribution due to 
translational and rotational diffusion. The translational 
diffusion is always observed, but whether rotational 
diffusion gives a contribution depends on the size and 
refractive index of the rods. The three mechanisms by 
which rotation can contribute to the DLS are outlined 
in the next paragraphs. 

If kL is large enough, the form factor will depend on 
the orientation, and rotation of the particle will give a 
variation in the scattered intensity. However, if we are 
interested in the scattered intensity in the limit of small 
scattering angles, the form factor equals one for all 
orientations, and this mechanism does not contribute 
to  the DLS.23 

The second mechanism also becomes important for 
large enough kL but has a completely different origin. 
The basis of this mechanism is the coupling between 
rotational and translational diffusion, which is caused 
by the anisotropy of the translational diffusion coef- 
ficient.24 

The last mechanism depends on the refractive index 
of the rods (n,) relative to  that of the solvent (n,) which 
determines the importance of the intrinsic and form 
birefringence.25 The effect of the form birefringence is 
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negligible if the difference between the (average) np and 
nm is small, which is also a requirement for the accuracy 
of the RGD approximation. In fact, form birefringence 
is absent within the RGD approximation.15 The intrin- 
sic b i re f r ingen~e ,~~ however, makes the rotation impor- 
tant in DLS measurements with vertically polarized 
incident and scattered light, if the anisotropy of np is 
comparable to or larger than the difference between the 
average np and n,. 

All three mechanisms Cforrn birefringence excluded) 
are incorporated in the general theory of DLS from 
dilute systems of cylindrically symmetric particles by 
Aragdn and Pecora.26 Their theory is exact within the 
RGD approximation. 

If we rule out the contributions of rotation, the DLS 
of a dilute dispersion of rods is determined by the 
orientationally averaged translational diffusion. The 
measured normalized intensity autocorrelation function 
gI(k,t) is then simply given by 

where z is the correlation delay time, gE(k,z) is the 
normalized autocorrelation function of the scattered 
field amplitude, and DO is the orientationally averaged 
translational diffusion coefficient. Including polydis- 
persity effects now yields 

with Dj the diffusion coefficient of component j and <Ij> 
the average scattered intensity of component j .  The 
orientationally averaged diffusion coefficient DO is given 
by BroersmaZ7 as a function of the length L and 
diameter D, 

Do = (kBT/3nq&)(ln(L/D) + v) (14) 

with TO the viscosity of the solvent and v a numerical 
correction for “end effects”, for which we use the result 
obtained by Tirado and Garcia de la Torre,2s 

v = 0.312 + 0.565(L/D)-l - 0.100(L/D)-2, (LID L 2) 

2.4. Dynamic Light Scattering of a Concen- 
trated Isotropic Assembly of Rods. For higher 
concentrations, no rigorous theory is known, and the 
existing approximate theories are mainly derived for 
stiff polymers, i.e., rods with a large length over width 
ratio.7,9,16-19,24,29-3:! These theories are not complete, as 
they often focus on a specific effect in a certain concen- 
tration range. However, certain aspects of polydisper- 
sity, which are important in the present study, are not 
discussed in these papers. These specific aspects are 
discussed in what follows. 

First, we will consider the simple case of rods with 
only optical polydispersity, but monodisperse in size, 
with an isotropic refractive index and in the limit of 
small scattering vectors k. For an assembly of these 
rods, there is no correlation between the scattering 
amplitudes bi and bj and the position vectors ri and rj. 
Therefore, eq 9 can be separated into two modes 
(describing the collective and self-diffusion), in a similar 
way as for spheres,2J2 leading to 

with 

S(k = O)e-k2Dcr (16) 
the full dynamic structure factor and 

Fs(k,z)  = <exp[zk(r(O) - r(z)ll> = e-k2Dsr (17) 
the self-dynamic structure factor. Here D, is the col- 
lective diffusion coefficient, D, is the long-time self- 
diffusion coefficient, and S(k = 0) is the monodisperse 
structure factor as defined in eq 10. Note that (for small 
scattering vector) b no longer depends on the orientation 
vector u nor the scattering vector k. 

For rods polydisperse in size, the separation given by 
eq 15 can not be made rigorously anymore. However, 
the same arguments as used for dispersions of spherical 
particles12 can be applied to the system of rods in the 
limit of small scattering vectors, leading to a measured 
autocorrelation function that, to a good approximation, 
can be separated in two similar modes, 

-k2D-r + ~ - ~ - k ~ D - r  (18) 
h2 

FM(k,t) = = ~ ( k  = Ole 
b2 

where D+ is associated with the “average” collective 
diffusion coefficient and D- is associated with the 
“average” self- (or exchange) diffusion coefficient. Note 
that the two modes are not strictly single exponential, 
but some average over a polydisperse distribution of 
exponents. The mode amplitude obtained for the self- 
diffusion mode of the optically polydisperse system in 
eq 15, however, is not a good approximation for the 
mode amplitude A- of a size polydisperse system.12J3 
This is due t o  the fact that the scattering amplitude for 
particles with a different size is proportional to the 
volume of the particle, whereas the scattering ampli- 
tudes for optical polydisperse particles is independent 
of the particle size. Therefore, in the size polydisperse 
system, the interparticle distance and the scattering 
amplitudes are correlated, leading to a different mode 
amplitude. Combining now eqs 1 and 18 for z = 0 leads 
to 

<I> c <p> + <I-> (19a) 
where 

and with eq 8 one finds, 

The two dynamic modes correspond to the collective and 
exchange fluctuations, as discussed in the static light- 
scattering part. The self-diffusion coefficient is expected 
to decrease strongly with increasing c o n ~ e n t r a t i o n , ~ , ~ ~  
whereas for the collective diffusion coefficient indica- 
tions have been found for a moderate increase ofD, with 
concentration, as well as a small decrease of D, with 
the c o n ~ e n t r a t i o n . ~ ~ ~  Independent of the precise con- 
centration dependence, however, it is expected that for 
higher concentrations, the diffusion coefficients will 
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Buinings prescriptionlo turned out to give an important 
reduction of the degree of clustering. The reduced clustering 
was demonstrated by comparing the electron microscopy (EM) 
and SLS results, as outlined in the next section. After the 
hydrothermal treatment, the dispersion was dialyzed against 
flowing demiwater for 13 days. 

The grafting of the bare boehmite particles was performed 
according to Buining," with the following concentrations. The 
boehmite concentration during the distillation step in which 
the particles are transferred to propanol was kept below 1.6 
g/L. Care was taken that the level of the liquid stayed above 
the heated part of the distillation vessel, to prevent rapid 
drying of liquid films. To 3.5 L of propanol sol was added 2.8 
L of a solution of 10 g of modified poly(isobutene) in 1 L of 
tetrahydrofurane. Stepwise addition of toluene and distillation 
yielded a dispersion in toluene, which was then concentrated 
to about 10 g L .  After cooling, the dispersion was exposed to 
ultrasonication for 15 min, resulting in a reduction of the 
turbidity of the dispersion. After 2 days, the excess modified 
poly(isobutene) was removed by two steps consisting of ultra- 
centrifugation at  10000 rpm followed by redispersion in 
cyclohexane. Accumulated dust was removed by 2 h of 
centrifugation at 2000 rpm, yielding a stable, dark red (by 
absorbance) stock dispersion of 9.39 w/w %. The last concen- 
tration step and the change of solvent to o-dichlorobenzene 
are described in section 4. 

Electron Microscopy and Density Determination. 
Electron microscopy photographs were made with a Philips 
CMlO transmission microscope. The samples were prepared 
by spraying a very dilute dispersion on 300 mesh copper grids 
coated with a thin carbon film. The thin carbon film was not 
stabilized by a polymer film to reduce the background and 
thereby increase the contrast in the electron microscope. In 
this way, enough contrast was obtained without having to  
work out of focus. 

The particle density was determined by weighing 10 mL of 
a 9.39 w/w 9 dispersion in cyclohexane and 10 mL of 
cyclohexane in the same measuring flask, after which the 
density of the particles can simply be calculated. The weight/ 
weight concentration is determined by weighing a small 
amount of dispersion and then drying to constant weight under 
an IR lamp. 

Static and Dynamic Light Scattering. The static and 
dynamic light-scattering measurements were performed on a 
laboratory-built laser light-scattering setup at 647 nm using 
vertically polarized incident and scattered light. All measure- 
ments were performed at  25 "C. Prior to each measurement, 
samples were centrifuged at 2000 rpm from 5 min, for the most 
dilute sample, to 20 min, for the most concentrated sample, 
in order to remove dust. Under these conditions, no significant 
particle sedimentation occurred. 

Although the SLS measurement was somewhat less ac- 
curate than on a dedicated SLS setup, because of the small 
scattering volume that was necessary for the DLS measure- 
ment, this did not seriously disturb our results. To optimize 
the SLS measurement, the cuvette was rotated during the 
measurement, so that irregularities on the cuvette and slow 
dynamical fluctuations of the scattered light a t  high concen- 
trations were averaged out. Furthermore, a pinhole in front 
of the detector was optimized for maximum intensity when 
necessary, t o  prevent a possible error in the alignment of the 
laser and the detector on changing the scattering angle. All 
SLS measurements were corrected for solvent scattering, and 
a simple transmission correction was applied by division of 
the measured intensity by the transmission of the dispersion 
(it, is noted that the particles also absorb light). The intensities 
were calibrated using a reference sample. Autocorrelation 
functions were obtained with a 128 channel, 8 bit hardware 
correlator (Malvern) in combination with a software correlator 
for the slowly decaying functions. 

4. Characterization and Dispersion Properties 
Dispersion Properties. The stock dispersion in  

cyclohexane at a concentration of 9.39 w/w % was 
concentrated by evaporation at room temperature,  until 

differ sufficiently to  distinguish t h e  two modes i n  the 
measured  autocorrelation function. 

It is noted that at high concentrations the re  may still 
be additional modes due  to, for instance, rotation 
translation coupling of individual rods24,29 a n d o r  pre- 
transit ional fluctuations on approaching the isotropic 
nematic phase  transition.18 I n  our experiments, how- 
ever, we do not observe these modes. 

The intensit ies <I> a n d  <I+> for a polydisperse 
distribution of hard spherocylinders (cylinders of length 
I, a n d  diameter D, capped at both ends  with hemi- 
spheres) are calculated from a recently extended version 
of the scaled particle theory.14 The expressions obtained 
in  t h e  SPT for arbi t rary h a r d  convex particles can  be  
described in t e rms  of four "fundamental  measures",34 
which for h a r d  spherocylinders are defined by 

Rr'  = zD; + nD,JK, Rjd' = 'l6jID; + 1/4rrD;Lc, (21) 

where k denotes the labeling number  of t h e  particle. 
These fundamenta l  quantit ies have  a simple meaning: 
RC' is  t h e  radius of curva ture  integrated over t h e  
surface, RF' is the surface area,  a n d  Rk3' is the volume 
of t he  particle. These single particle quantities a re  used 
t o  define t h e  averaged quantit ies,  

k = l  k = l  

in t e rms  of which t h e  scattered intensity at zero 
scattering angle is given as 

i 1 ~ 2 2 ! ( t ( 1 3 ~ ) 2  - 2(1 - + ~ ! 1 2 ) ~ ! 1 3 1 t 1 2 3  + ($11) - 612!,4x)(~(23!12 

(1 - + :[121)2 - (t 1 1  -i  b 1 2 ~ / 4 ~ ) p 2 '  

(23) 
Here  V, is t h e  scattering volume, A = ( d n / d ~ , ) / R : ~ '  = r i p  
- nm, a n d  q is the volume fraction. As discussed in the 
previous paragraph, the scattered intensity is composed 
of a pa r t  due  to overall concentration fluctuations 
(accompanied by osmotic pressure fluctuations) a n d  a 
p a r t  due  to exchange (or polydispersity) fluctuations. 
The former pa r t  can  be calculated separately from t h e  
osmotic compressibility, leading to 

<IL> z= 

We note here  the square  above the p in the numera tor ,  
which is missprinted in the original paper.14 The  
description of the size distribution of the particles is 
given in  t h e  Appendix. 

3. Experimental Section 
Particle Synthesis. Colloidal boehmite rods were synthe- 

sized according to BuininglO by adding 91.5 g of aluminum tri- 
sec-butoxide to  2 L of 0.037 M HCl while stirring. After 3 days 
of continuous stirring, the turbid liquid was treated hydro- 
thermally at  150 "C for 20 h. This hydrothermal treatment 
was performed without the usual rotation of the autoclaves, 
and the autoclaves were left a t  rest for about 90 min (this 
probably allows some sedimentation) before putting them in 
the oven. This seemingly minor change with respect to 
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boehmite rods. The bar denotes 100 nm. 

a very viscous dispersion was obtained. The concen- 
trated sample was stirred for a t  least 2 weeks, after 
which o-dichlorobenzene (DCB) was added. Evapora- 
tion of the cyclohexane yields a dispersion in DCB. 

The above described treatment was first performed 
on a small test sample (ASB33g-1). after which a larger 
amount of dispersion was used (ASB33g-2). Three 
months later, a third (and the last) amount of sample 
was concentrated and transferred to DCB (ASB33g-3). 
Although the three batches were treated in as much the 
same way as possible, a large difference in dispersion 
behavior was observed. The first two dispersion batches, 
ASB33g-1 and -2, start to form gel-like clots at a volume 
fraction of about 18%, whereas ASB33g-3 remained 
homogeneous up to a volume fraction of about 28.5%, 
after which an isotropic nematic phase separation 
occurs. The origin of this completely different behavior 
is still unclear. Further experiments focus on ASB33g- 
3. 

At a concentration of 29.2 v/v %, a phase separation 
was observed in an  isotropic phase of 28.5 f 0.3 v/v % 
and a nematic phase of 31 f 1 v/v %. The phase 
separation is completed in about 2 days. I t  was striking 
that after stirring the quiescent dispersion exhibits an 
almost steady birefringence pattern for several hours, 
as was observed between crossed polars by eye, before 
macroscopic phase separation occurs. The nematic 
phase is very viscous; it took about 10 min to flow 
completely after the vessel was tilted, whereas the upper 
isotropic phase flowed immediately. 

Electron Microscopy and Particle Density. Elec- 
tron microscopy photographs (see example in Figure 1) 
were taken to determine the size and shape distribution 
of the particles. Figure 1 shows that the particles have 
an irregular structure. The length and diameter of the 
particles are determined with an  interactive image 
analysis system (IBAS). For particles with an irregular 
structure, the diameter was estimated. Figure 2 shows 
a scatter plot of the measured lengths and diameters. 
The average dimensions with their standard deviations 
and the correlation coefficient are given in Table 1. 
There is a weak but significant correlation between 

0 
0 40 80 120 160 2w 

Length (nm) 

Figure 2. Scatter plot showing the length and width of the 
particles measured from electron microscopy photographs. 

Table 1. Average Particle Dimensions 8s Determined 
from Electron Microscopy for 142 Particles 

L 71 n m  og 2.4 nm 
31 n m  dLP) 0.40 % 11.1 nm 

length and width, which is also seen in Figure 2. Note 
that the actual diameter in the dispersion may deviate 
somewhat from the EM diameter because of swelling 
of the steric stabilization layer. 

The average density of the particles is 1.97 f 0.07 g 
mL-'. This density is used to calculate the volume 
fractions from the measured weightlweight concentra- 
tions. 

5. Static Light Scattering and Particle 
Clustering 

Experiments on previous systems already showed the 
existence of clusters in poly(isobuteneFgraf€ed boehmite 
 dispersion^.^^ In these experiments, the clusters were 
analyzed by a combination of EM, SLS on dilute 
samples, and series filtrations using filters with differ- 
ent pore sizes. An important conclusion was that the 
degree of clustering can be evaluated semiquantitatively 
from EM and SLS. More precisely, the degree of 
clustering was shown to increase with an increasing 
difference between the measured SLS curve and a 
calculated curve based on the EM dimensions. Unfor- 
tunately, the filtrations could only be used to remove 
small amounts of clusters because the filters stop up 
after a short filtration time. 

In the new synthesis of ASB33, the clustering has 
been minimized by evaluating the degree of clustering 
a t  several points in the synthesis and then selecting the 
best result. There are two instances at which the 
clustering could be reduced. The first cluster reduction 
has already been described in the synthesis part of the 
Experimental Section. The second reduction of the 
degree of clustering could be achieved in the step in 
which the grafted dispersion is concentrated by evapo- 
ration of the solvent. Taking a series of samples during 
the evaporation process revealed that vigorous stirring 
of a concentrated viscous dispersion gives a reduction 
of the clustering. Stirring a t  intermediate concentra- 
tions did not make any difference. The separate effect 
of evaporation is not clear, as this is always combined 
with stirring. Figure 3 shows the remaining difference 
between the measured SLS curve and the calculated 
curve based on the EM dimensions from Table 1, clearly 
indicating some clustering (see section 6.1 for details 
on the calculated curve). Unfortunately, we were not 
able to reduce the clustering to a negligible level. 
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has a more or less compact structure. For compact, 
thick, rodlike or spherical clusters, only a relatively low 
volume fraction of clusters will be needed to  explain the 
cluster scattering. However, the clusters may be less 
compact, and we can only say that the results are 
consistent with a moderate cluster concentration. 

However, it is possible to make a rough estimate of 
the cluster size as well as its increase with the concen- 
tration by combining the SLS curves given in Figures 3 
and 4 with the dynamic mode amplitudes of the rods 
and clusters which will be discussed in section 6.  This 
procedure allows the determination of the scattered 
intensity of the clusters by subtracting the intensity due 
to  the rods. These cluster scattering curves can be used 
to  determine the Guinier radius3** (R,) from a plot of 
ln(<l(k)>) against k2, where the initial slope gives 
R 2 3 .  This results in Guinier radii of 350 and 450 nm 
for the 0.755 and 3.06 v/v % sample, respectively. For 
larger volume fractions, it was not possible to extract 
the Guinier radius from the experimental data. How- 
ever, an estimate of the relative increase in cluster size 
can be obtained from the absolute scattered intensity 
of the clusters extrapolated to k = 0. To do this, the 
cluster volume fraction and the density and shape of a 
cluster are assumed to be constant, so that the esti- 
mated intensity at  h = 0 is directly proportional to Ri 
of the cluster. This results in an increase in cluster size 
which is in good agreement with the results from the 
Guinier radius for the two volume fractions of 0.755 and 
3.06 vlv Q. For the larger volume fractions, a cluster 
size up to  2.8 times the size of that in the 0.755 v/v cir 
sample is obtained. resulting in a maximum R, of 980 
nm. 

The next section (6.1) deals with the separation of the 
scattered light of a low-concentration sample in a part 
due to the clusters and in a part due to  the rods. 
6. Combined Static and Dynamic Light 
Scattering 

6.1. Scattering from a Dilute Dispersion. The 
lowest concentration for which both SLS and DLS 
measurements were performed is 0.755 v/v %', cor- 
responding to a number concentration of 0.35 11L3, 
which is close to the limit of noninteracting rods. For 
smaller concentrations, the scattered intensity is too low 
for an accurate DLS measurement, 

The possible mechanisms by which rotation can affect 
the dynamic light scattering were already outlined in 
the theoretical section. As the maximum scattering 
vector in our experiments is 0.0213 nm-l, and given the 
dimensions of the rods in Table 1, it can be concluded 
that the first two mechanisms mentioned in the theo- 
retical section are not i r n p ~ r t a n t ~ ~ , ~ ~  (contributions are 
less than 1%). Only the mechanism related to  the 
intrinsic birefringence can not be excluded rigorously 
because we only have crude estimates of the relevant 
experimental parameters. A rough estimate of the 
average refractive index difference, n p  - n, (based on 
the absolute scattered intensity), yields a value of 0.015. 
which is of the same order of magnitude as the refractive 
index anisotropy of a pure boehmite crystal.36 From ref 
23, however, it can be shown that rotation has an 
appreciable effect only if the anisotropy in the refractive 
index is larger than the difference np n,, for our 
maximum kL. This indicates that rotation due to the 
last mechanism described in the theoretical section ma?; 
also be neglected. 

The measured field autocorrelation function @E) was 
found to consist of two exponentials, as is illustrated 
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Figure 3. Total scattered intensity of the 0.755 v/v % 
dispersion compared to a calculated scattering curve based on 
the EM dimensions The intensity of the calculated curve IS 
scaled to go through the last measured point. 
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Figure 4. Measured structure factor for the total scattering 
intensity (rods + clusters) as a function of k for five concentra- 
tions. The symbols denote the measured points. The 0.755 
v/v % sample is used as the dilute (form factor) sample in the 
calculation of P. 

The structure factor SM(k)  as obtained from the ratio: 

with p1 a small volume fraction at  which interactions 
between the rods are neglectable (we used = 0.755 
vlv %) and <I(k)>l the corresponding intensity, is shown 
in Figure 4. S'(k) shows an upswing at small scattering 
angles, which increases with the concentration, reaching 
values much higher than one. This strong increase of 
SM(k)  is reversible, i.e., if a concentrated dispersion is 
diluted, the scattering curve corresponding to the lower 
concentration is recovered. Upon further dilution of the 
0.755 vlv 7c sample, however, down to concentrations 
of 0.069 vlv %, a constant S M ( k )  remained. 

In general, the described behavior of S'(k) indicates 
an attractive interaction in the dispersion. However, 
the dynamic light-scattering analysis to be described in 
section 6 shows that the increasing SM(k)  is completely 
due to additional clustering. Therefore, the strong 
increase of SM at small scattering vectors is interpreted 
as an increased cluster size, and possibly also partly by 
an increased cluster concentration. It is noted that a 
significant rod-rod aggregation is not probable, as the 
results to  be described in section 6 are consistent with 
a repulsive rod-rod interaction. 

It is not possibZe to estimate the Concentration of th,e 
clusters directly from the scattering data. The scatter- 
ing of a cluster depends (apart from its size) also on its 
shape, refractive index, and whether or not the cluster 
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Figure 5. Logarithmic plot of the measured field autocorre- 
lation function for the 0.755 v/v % sample at k = 0.00906 nm-l 
(0) compared to  a two-exponential fit (drawn line). 

Table 2. Diffusion Coefficients and Relative Mode 
Amplitudes Resulting from a Double-Exponential Fit of 

PE for the 0.755 v/v % Sample 
~~~~ ~ ~ 

12 
(nrn-l) < f r , d > / < I >  

0.00575 0.214 
0.00677 0.315 
0.00906 0.426 
0.01152 0.495 
0.01506 0.582 
0.02129 0.541 

Dr0d Dcluster 
(106 nm2 s-1) (106 nm2 s-l) 

6.5 0.92 
6.0 0.82 
5.9 0.83 
5.4 0.55 
5.5 0.67 
7.0 1.8 

for the measurement a t  k = 0.00906 nm-’ in Figure 5. 
Clearly, the double exponential gives a very good 
description of the measured g E .  It  is noted that the 
actual nonlinear least-square curve fits have been made 
on gl, using eq 13 with two exponents. Results of the 
fits a t  six different scattering angles are shown in Table 
2. All six fits are of similar quality. The slow decay of 
the correlation functions is attributed to large (perma- 
nent) clusters and the fast decay to single rods. The 
basis for this interpretation is given in the next two 
paragraphs. 

The theoretical value of the orientationally averaged 
translational diffusion coefficient for the single rods is 
calculated on the basis of the EM dimensions in Table 
1. This is done by calculation of gI from eq 13, using 
the numerical integration over the distribution function 
from eq A l l  and using the scattering amplitude from 
eqs 5 and 6 substituted in eq 1 to calculate the mode 
amplitudes <4>/<I>. This calculation is “exact” within 
the RGD approximation apart from the LID factor in 
eq 14, which was set t o  its average value for efficiency 
reasons. Of course, these calculated autocorrelation 
functions deviate somewhat from single-exponential 
behavior, and the determination of an average diffusion 
coefficient from a single-exponential fit of g1 is just an 
estimate that may be compared to the values listed in 
Table 2. Six average diffusion coefficients at  six scat- 
tering vectors are calculated in this way, giving an 
overall average diffusion Coefficient of 7.1 x lo6 nm2 s-l, 
compared t o  a value of 10.5 x lo6  nm2 s-l for the 
monodisperse calculation obtained by simply substitut- 
ing the average dimensions in eq 14. Comparing the 
average diffusion coefficient to the measured values of 
the fast mode in Table 2 (average D is 6.1 x lo6 nm2 
s-l) shows a rather good agreement between the mea- 
sured average diffusion coefficient and the calculated 
ones on the basis of the EM dimensions. 

If the fast mode is due to single-rod scattering, then 
the scattered intensity of the rods can be obtained from 
the total scattered intensity multiplied by the relative 

0 005 010 015 020 025 

k (nm-‘) 

Figure 6. Scattered intensity as a function of k for the 0.755 
v/v % sample. The upper curve (0) gives the total intensity, 
and the lower dashed curve (0) shows the rods intensity 
calculated from the DLS mode amplitudes and the total 
intensity. The symbols denote the measured points; the lines 
are drawn t o  guide the eye. The drawn curve to  k = 0 is the 
scattering curve calculated on the basis of the EM dimensions. 
Its overall intensity is scaled by hand t o  fit the measurement. 

mode amplitudes as given in Table 2. Splitting up the 
scattered intensities in this way further confirms this 
interpretation, as is shown in Figure 6, where the 
scattered intensity of the rods is compared t o  a calcu- 
lated light-scattering curve using the EM dimensions 
from Table 1 with the size distribution from eq Al ,  in 
combination with eqs 1 and 3-6. Although the scat- 
tering curve of the rods is curved, the agreement is quite 
reasonable. The reason for the systematic curvature is 
not clear. It may be due to the limited accuracy of the 
amplitudes obtained from the DLS measurements. 
Another possible explanation could be found in the close 
refractive index matching of the particles. 

It is striking that the clusters yield only one dynami- 
cal mode, which is fairly close to single exponential. The 
interpretation that the slowly decaying mode is indeed 
a cluster mode is supported by the agreement of the two 
resulting modes with theoretical SLS as well as DLS 
calculations. This separation is applied in the next 
section to light-scattering data of more concentrated 
samples. 

6.2. Light Scattering as a Function of the Con- 
centration. Observed Dynamical Modes. The mea- 
surements discussed in this section were performed at 
a relatively large wave vector (k = 0.0213 nm-l) in order 
to minimize the cluster contribution to the scattering. 
Even a t  this high scattering vector the clusters make a 
substantial contribution. A representative example of 
the measured field autocorrelation functions at  k = 
0.0213 nm-l is shown in Figure 7 for the 23.4 vlv 5% 
sample. The function is composed of three exponentials, 
of which the cluster component has by far the largest 
mode amplitude. Indeed, it is the cluster mode which 
dominates the complete plot of g E  in Figure 7a. The 
enlarged first part of g E  in Figure 7b shows the two 
faster modes due to  the rods. Although, for this short 
time range the final slope is already dominated by the 
clusters (mode 3), the two modes corresponding t o  the 
rods can be distinguished clearly. 

Table 3 contains a summary of the DLS results at h 
= 0.0213 nm-l, as obtained from two or three exponen- 
tial fits. At higher concentrations, the scattering of the 
rods separates into a fast and slow mode (mode 1 and 2 
in Table 3), which are interpreted as a collective 
diffusion mode and an exchange diffusion mode, respec- 
tively, as given in eq 20. The third mode describes the 
cluster scattering. Note, that now <I> = <I+> + <I-> 



7274 Buitenhuis et a1 Macromolecules, VoE. 27, No. 25, 1994 

1- 
. 20  ' ' ' ' ' 

0 2 4 6 8 

-.05 
b 

20 

0 01 02 03 

i (s i  

Figure 7. Logarithmic plot of the measured field autocorre- 
lation function of the 23.4 v/v % sample at k = 0.0213 nm-'. 
Panel a shows the complete measurement, which is dominated 
by cluster scattering, and panel b gives the enlarged beginning, 
together with a rough indication of the three modes. 

Table 3. Mode Amplitudes and Diffusion Coefficients for 
the DLS Measurements at k = 0.0213 nm-' as a Function 

of the Concentration 

0.755 0.54 0.46 7.0 1.8 
3.08 0.52 0.48 6.4 0.84 

11.6 0.13 0.24 0.63 8.5 1.44 0.092 
18 0.048 0.107 0.845 7.0 0.47 0.030 
23.4 0.0175 0.076 0.907 7 . 5  0.26 0.0062 
27.4 0.0072 0.041 0.952 5.5 0.156 0.0023 

+ <Icluster> in eq 20, with <Icluster> the scattered 
intensity due to  the additional cluster mode. The 
quality of the multiple exponential fits was checked by 
hand, by comparing the fit and the measured data 
directly and/or by residual plots, and a fit with an 
additional exponent was found to  give no significant 
improvement of the fits. 

The scattering vector K = 0.0213 nm-' corresponds 
to kL = 1.5, with L the average length. On the basis of 
the second virial approximation for the static structure 
factor,'6,20 we think that this value is sufficiently small 
to interpret experimental data in terms of zero wave 
vector theory. 

Diffusion Coefficients. Within the uncertainty of 
its experimental determination of about 25%, the dif- 
fusion coefficient of the fast collective mode shows 
hardly any concentration dependence, while the slow 
exchange diffusion mode decreases strongly with con- 
centration, as is shown in Figure 8. The trend of this 
behavior is similar to the concentration dependence that 
i s  found for spheres.2~13~~37~-39 

Although hardly significant in our measurements, the 
small decrease in D,. at t3he highest volume fraction is 

1 oX1o7 , . , , l " " I  

\ 1 
\ 
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Figure 8. Diffusion coefficient of the rod mode(s) at k = 
0.0213 nm-I as a function of the volume fraction. 

5OL ' ' ' ' ' ' ' ' ' ' ' ' ' - 1  ' ' 

cp ("4 
Figure 9. Measured DJD, (0) compared to the calculated 
l/kBT(aWT/aQ)T (-1 using eq 11 plotted as a function of the 
volume fraction. 

noted. A similar decrease has been noted before in 
experiments on rigid  polymer^.^^^^ Its origin is unclear. 

Disregarding possible polydispersity effects, the col- 
lective diffusion coefficient can be expressed as 

126) 

with f c  the friction coefficient for the collective movement 
of rods, which is equal to the friction coefficient for 
~ed imen ta t ion .~~  As our measured collective diffusion 
coefficient is (almost) independent of the concentration, 
eq 26 demands that the increase in (an /a@)T must be 
balanced by the increase in fc. For the self-diffusion 
Coefficient, we can write 

127) 
I s  

where f, is the friction coefficient for single rods. For a 
dilute dispersion, (an/a@)T = kBT and f c  = f s ,  so that D, 
= D, = DO. Although fc and f s  are fundamentally 
different, some indications have been found that fc and 
f s  are approximately equal.40 If this is also true for our 
rods, then DJD, should be equal to l/kBT(arI/I/a@)T. 
Making this comparison in Figure 9, where l/kBT(aIl/ 
a@)T is calculated from eq 11, shows that this is not the 
case. This indicates that fc and f ,  are not quantitatively 
the same, although we note that the calculated l / k~2YiXI /  

A single-exponential plot of DJD, is linear in the 
entire concentration range as is shown in Figure 10. A 
double-logarithmic plot of our D, against p, however, 
gives a linearly plot for the four highest concentrations, 
yielding a slope of -2.54. As far as we know, only one 

is not rigorously correct. 
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Figure 10. Logarithmic plot of the exchange diffusion and 
the low-shear viscosity data as a function of the volume 
fraction. The relative viscosities are obtained from the cluster 
diffusion coefficient (see section 6.2) ,  giving rise to large errors 
due to the correction for the estimated increase in cluster size. 

experimental study on the self-diffusion of rodlike 
particles has been reported in the l i t e r a t ~ r e . ~ ~  The 
study concerns forced Rayleigh scattering measure- 
ments on solutions of a 150-base pair DNA fragment 
far below the concentration of the isotropic nematic 
phase separation. The self-diffusion coefficient de- 
creases with concentration, and a double-logarithmic 
plot of the self-diffusion constant against the concentra- 
tion gives a limiting slope of about -0.5. The much 
higher slope of -2.54 found in our measurements can 
be attributed to the different concentration range. 

The diffusion coefficient of the clusters decreases 
strongly with concentration (Table 3). If the dispersion 
of rods is regarded as a dispersion medium for the 
clusters, this strongly decreasing diffusion coefficient 
can be attributed to an increase in viscosity of the rod 
dispersion in combination with an increase in cluster 
size. Consequently, correcting the diffusion coefficient 
of the clusters for the increase in cluster size yields the 
low-shear viscosity (y) of the dispersion, 

with yo the viscosity of the solvent, D3 the diffusion 
coefficient of the clusters as given in Table 3, 91 the 
lowest volume fraction (0.755 vlv %), andR, the Guinier 
radius of the clusters (see section 5). Unfortunately, we 
only have a rough estimate of Rg(ql)/Rg(p), giving 
viscosities that are estimated to be accurate within a 
factor of 2. 

These viscosities are compared to the exchange (or 
“self-”) diffusion coefficients, following the results for 
sterically stabilized (uncharged) silica spheres, where 
the long-time self-diffusion Coefficient was found to be 
almost inversely proportional to  the viscosity of the 
dispersion itself.37 Figure 10 gives this comparison for 
our grafted boehmite rods, showing the logarithm of the 
low-shear viscosity as well as the exchange (“average” 
self-) diffusion plotted against the volume fraction. The 
results indicate that the viscosity increases more strongly 
with concentration than the inverse of the exchange 
diffusion coefficient. This could be a result of the 
lengthwise diffusion of the rods, which is probably less 
hindered than the sidewise diffusion, or more or less 
equivalently the diffusion of larger species, such as 
clusters. However, the quantitative comparison with 
Zong-time self-diffusion results may be somewhat dis- 
turbed because our measurements are not completely 
in the small wave vector limit. 
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Figure 11. Scattered intensity of the rods as a function of 
the volume fraction compared to  the SPT result. The symbols 
denote the measurements, which are connected to guide the 
eye. The upper curve (0) gives the total rod intensity (mode 
1 + 21, and the lower curve (0) gives the scattering associated 
with osmotic compressibility fluctuations. The corresponding 
smooth curves give the SPT result. The concentrations of the 
isotropic nematic phase separation are denoted by I and N. 

Our viscosity results can be compared t o  tracer 
diffusion results as measured by dynamic light scatter- 
ing on sphere diffusion in solutions of poly( y-benzyl-a,L- 
glutamate) rods in dimethylf~rmamide.~~ The spheres 
had a radius of 60.4 nm, and the poly(y-benzyl-a,L- 
glutamate) rods had a length of 70 nm. With this 
system, no significant difference could be observed 
between a direct measurement of the viscosity and the 
viscosities obtained from the tracer diffusion, confirming 
our method of measuring the viscosity using the cluster 
diffusion. The viscosity results in ref 42 yield T/TO = 
exp(ac”), with Y = 0.84. Our data yields Y = 1.0, as is 
demonstrated in Figure 10. 

Mode Amplitudes. The relative mode amplitudes 
in Table 3 are now used to  calculate the absolute 
scattered intensities of the rods, which are obtained by 
multiplication of the relative mode amplitude with the 
overall scattered intensity as obtained from static light 
scattering. Mode 1 gives the scattered intensity due to 
the overall concentration fluctuation, and the sum of 
modes 1 and 2 gives the total scattered intensity of the 
rods. These intensities are compared to theoretical 
results from the SPT (eqs 21-24, using the EM dimen- 
sions with eq A9) in Figure 11. It should be noted that 
there is one common scaling factor for the intensity of 
both theoretical curves, i.e., their relative intensities are 
fixed by the SPT. 

We see that there is semiquantitative agreement 
between theory and experiment. The trends of the 
theory and the experimental results correspond quite 
well. The intensity maximum is found at approximately 
the predicted volume fraction, and the intensity of the 
collective mode decreases relative to  the exchange mode 
for higher volume fractions. This behavior is similar 
to that observed for s p h e r e ~ . ~ J ~ , ~ ~  

The fact that there is only semiquantitative agree- 
ment does not necessarily mean that the SPT is in error, 
as the particles are not the ideal polydisperse sphero- 
cylinders as assumed in the SPT calculations. The most 
important disagreement between theory and experiment 
is that the total scattered intensity relative to  the 
collective mode intensity is higher in the experiment 
than in the theory. This deviation may be due to the 
neglect of the anisotropy of the refractive index as well 
as to the polydispersity in the average refractive index 
(i.e., the average of the boehmite and steric stabilization 
layer). 
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7. Conclusions 
We performed static and dynamic light-scattering 

experiments at  small scattering vectors on dispersions 
of rods with a length over width ratio of 6.4, up to  
concentrations close to the isotropic nematic phase 
separation. The combination of static and dynamic light 
scattering and electron microscopy allowed for the 
demonstration of a moderate degree of clustering as well 
as for the separation of the scattered intensity in part 
due to the free rods and in part due t o  the clusters. 

The main feature of the dynamic light scattering of 
the rods part is the separation in a collective diffusion 
mode and an exchange (or self-) diffusion mode, which 
is attributed to the polydispersity of the particles. The 
diffusion coefficient associated with the collective mode 
is (almost) independent of the concentration, while the 
diffusion coefficient corresponding t o  the exchange 
diffusion mode decreases exponentially with the con- 
centration. The corresponding mode amplitudes are in 
semiquantitative agreement with the scaled particle 
theory (Figure 11). The trends of the behavior of the 
diffusion coefficients and mode amplitudes are similar 
to  those observed for polydisperse spherical particles. 
To perform more accurate measurements regarding 
diffusion coefficients, mode amplitudes, and possible 
additional modes that we may have m i ~ ~ e d , ~ , ~ , ~ ~ , ~ ~ . ~ ~  a 
strong reduction of the degree of clustering will probably 
be necessary. 

An indirect estimate of the low-shear viscosity of our 
dispersions is obtained from the cluster diffusion coef- 
ficient and shows an exponential concentration depen- 
dence, which is rather close to  the weakly stretched 
exponential concentration dependence obtained with 
solutions of a rigid polymer.42 The inverse viscosity 
obtained here appears to decrease more strongly with 
concentration than the exchange diffusion coefficient. 

We note, as a point of general interest, that for 
measurements at small scattering vectors, and arbitrary 
shaped particles, the effect of polydispersity is always 
expected to give an additional mode due to the exchange 
of different species from the polydisperse distribution. 
in addition to a polydisperse distribution of the mea- 
sured modes. This should also apply to rigid polymers, 
for which an exchange mode has not been noticed so 
far. However, in recent dynamic light-scattering ex- 
periments on the semiflexible polymer (poly( y-benzyl- 
a,L-glutamate), Delong and Russo40 gave an accurate 
description of a slow mode that only occurred a t  high 
concentrations and the origin of' which remained un- 
clear. Following our results, this mode might be an 
exchange mode, as the polymer was shown to  be 
somewhat polydisperse. Furthermore, it is noted that 
the SPT predicts a much smaller exchange mode 
amplitude for rods with only length polydispersity, as 
compared to rods with similar width polydispersity. I-I 
This may explain why an exchange mode has remained 
unnoticed in studies on rigid polymers, 
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Appendix. Description of Length and Width 
Distribution 

Theoretical model calculations including polydisper- 
sity are carried out for the form factor, the autocorre- 
lation functions, and the scattered intensity according 

to  the SPT. These calculations are performed on the 
basis of the average dimensions obtained from electron 
microscopy, using a length and width distribution 
function. Here, we use a bivariate log-normal distribu- 
tion, frL,D), because it captures at  least two important 
features of the distributions obtained from electron 
microscopy, namely that they are skewed and that L 
and D are correlated. The bivariate log-normal distri- 
bution is a bivariate normal d i ~ t r i b u t i o n ~ ~  of the loga- 
rithmic variables 1 = IniL I and d = ln(D) and is defined 
by 

flLP) = ___ 
1 

2 L D h  

1 i z  - tILd - (1 - t ) (d  - d)cov(Z,d) + (d - dI2G 
eXP[ - 22 

(A1 i 
where 

2 = 44 - [cov(Z,d)12 iA2) 

Here, (T is the standard deviation which, for example, 
for the diameter D is defined by 

and the covariance of 1 and d is given by 

The geometric (logarithmic) standard deviations and 
averages for 1 and d can be calculated from their 
equivalents in terms of L and D. For example, for the 
diameter we have 

r n  

and 

tA5) 

(A61 

The geometric covariance is given by 

cov(Z,d) = In i c"v(Lp) L D  + 11 (A7) 
L 1 

We express the covariance as the dimensionless cor- 
relation coefficient, 

(A8 

A double integration using the bivariate log-normal 
distribution of eq A1 yields for arbitrary positive inte- 
gers a and b 

iA9i 
These moments are used to calculate the E parameters 
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in eq 22, from which the scattered intensity within the 
SF'" is calculated. 
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