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Depolarized dynamic light scattering from optically anisotropic reaction-limited aggregates
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We have used small-angle depolarized dynamic light scattering in conjunction with aggregates of
(rather unique) optically anisotropic spherical particles. Pure rotational diffusion is observed, and all the
relevant information on a reaction-limited aggregation has been derived as a function of time. We show
that the asymptotic form of the cluster mass distribution is actually attained during the very early stages
of the process. The value of the exponent 7 characterizing the low-mass portion of the cluster distribu-

tion is derived.

PACS number(s): 82.70.Dd, 42.25.Fx, 05.40.+}, 64.60.Cn

Cluster mass distribution is one of the most important
issues in colloidal aggregation, and limited work has been
produced so far, especially in connection with the partic-
ularly interesting case of reaction-limited cluster aggrega-
tion (RLCA) [1-5]. In the present work we have taken
advantage of rather unique partially crystalline spherical
particles that form clusters possessing intrinsic optical
anisotropy. We present a depolarized dynamic light
scattering (DDLS) study of the time evolution of cluster
mass distribution during the aggregation process accord-
ing to RLCA. The main emphasis of this work is to show
when the mass distribution attains its scaling, time-
independent form. The exponent 7 characterizing the
low-mass portion of the cluster size is thus determined
under truly asymptotic conditions. The fractal dimen-
sion d; of the aggregates and the typical cutoff mass m,
are also directly derived from the DDLS data as a func-
tion of time. We show that the evolution of all these
quantities is in agreement with theoretical predictions
once the cluster mass distribution has reached its steady-
state form.

DDLS is much more efficient than conventional dy-
namic light scattering in providing size distributions of
polydisperse samples. In fact, at small angles it probes
rotational diffusion, which has a strong a ~> dependence
(a being the particle radius), at variance with the weak
a ~! dependence of the translational diffusion probed by
polarized scattering. Moreover, DDLS from random
clusters is an incoherent process and thus does not tend
to overweigh large aggregates. The potentialities of this
attractive technique can be fully exploited only by using
partially crystalline particles having a low refractive-
index mismatch with the solvent.

We find that the depolarized field correlation function
I,u(t) always exhibits a stretched-exponential (SE)
behavior at large values of the delay ¢, as expected on the
basis of straightforward calculations. From the charac-
teristic exponent of the SE and from its decay time con-
stant we derive the fractal dimension d; and the typical
cluster mass m_.. Furthermore, from the short-time-delay
analysis (first cumulant) of I, we derive the value of the
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exponent 7 characterizing the low-m behavior of the clus-
ter mass distribution N(m)~m ~"exp(—m /m,), where
m is the number of monomers in a cluster and m_ is a
time-dependent cutoff mass. The relevance of the actual
value of 7 can hardly be overemphasized. Indeed, should
7 be larger than 2, all the static scattering data and there-
fore the estimates of the fractal dimension should be
severely revised [6].

The correlation functions of the vertically (¥) and hor-
izontally (H) polarized field scattered by optically aniso-
tropic particles for a vertical incident polarization are
well known [7]. When such particles (monomers) aggre-
gate into a cluster, their axes will in general be randomly
oriented. Consequently the scattered field correlation
functions for a cluster become

Iyg(g,t) <m(An)%exp(—D,,q%t )exp(—60,,t) , (1)
Iyy(q,t) < m*(n,—n,)*P(q)exp(—D,,q*t)
+3Iyg(g,t), (2)

where g is the transferred momentum, n, is the average
monomer refractive index, n; is the solvent refractive in-
dex, An is the intrinsic anisotropy of a monomer, D,, and
@®,, are the cluster translational and rotational diffusion
coefficients, and P(q) is the cluster form factor. Recal-
ling the peculiar fractal nature of the clusters (m «<qa /),
their  diffusion become D,,=D,, ey,

0, =0m S/df, where D and ® are the monomer
translational and rotational diffusion coefficients. We
point out that while I, is completely incoherent (pro-
portional to m), I, contains also a coherent term (pro-
portional to m?) which depends on the refractive index
mismatch with the solvent.

The sample is made of an aqueous suspension of FEP,
a polytetrafluoroethylene copolymer, graciously given to
us by Ausimont (Bollate, Italy). The colloidal particles
are spherical with a radius a;,=45.8+3 nm, as deter-
mined by polarized dynamic light scattering (DLS) and
have n,=1.3536 and An ~10"2. The properties of these
particles are unique. In fact, by judicious choice of the

coefficients
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solvent, the particle average index of refraction can be
matched, while still retaining a strong depolarized
scattering. They have been used for a number of relevant
studies [8-10]. We found that the particles aggregate
when salt is added to the solution. The monomer concen-
tration was chosen high enough to make the reaction
proceed at a reasonable rate, in spite of the low salt con-
tent necessary to produce RLCA. A the same time an
upper bound to the concentration was imposed by the
necessity to avoid close packing during the typical run
duration. A volume fraction of 0.5% and NaCl 26-mM
salt molarity were found to be appropriate. The duration
of a run was typically 24 h, and measurements were taken
every 2 h.

The sample was index matched by adding a 17.5%
weight fraction of glycerol. Since n,—n =0, I}, and
Iy are of the same order of magnitude. When collecting
Iy, stray leakage contributions of the coherent term are
therefore greatly reduced.

In order to have the decay of I, controlled solely by
the rotational diffusion, the condition (¢°D,, /68®,,) <<1
must be satisfied [see Eq. (1)]. This implies that
(qa ., )* <<1, where a,,,, is the largest size to be attained
by the clusters during the run. We selected a,,, =10a,
which roughly implies that the largest cluster should not
contain more than 100 monomers. Accordingly, we have
selected a scattering angle of 3°. Due to the rather small
scattering angle, a 50-mm-long flat window cell was used,
in order to eliminate stray light contributions from spots
on the entrance and exit surfaces. The cell was cylindri-
cal in shape, and filled so that no bubbles were left in the
sample volume.

A crucial undesirable effect perturbing aggregation
processes is the presence of gravity. Differential sedimen-
tation causes clusters to drift with a size-dependent veloc-
ity. As a consequence the reaction rates are not con-
trolled by diffusion and sticking probability only, as con-
templated by the theory. In order to create an “effective”
gravitation-free condition, we have kept the cell rotating
around the horizontal axis at four rotations per hour.
During measurements, however, the cell was kept sta-
tionary.

The raw data consist of a sequence of correlation func-
tions taken at different times during the aggregation. The
correlation function I,y consists of a superposition of
contributions due to clusters of different sizes, weighted
by the cluster mass distribution N(m). If we neglect the
translational diffusion, we have

el _ —3/d
S m[m Texp(—m /m_)]exp(—6Om ’t)

m=1

Iyy (1) = p
S m[m Texp(—m /m,)]

m=1

(3)

For large values of the delay time ¢, I,y(?)
can be approximated (via the steepest-descent method)
with a  stretched exponential function [11]:
Iyy(t)<exp[ —(t/Tgg)”], where

a=d;/(3+d,), (@)
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FIG. 1. Field correlation functions Iy taken respectively 5
min (a) and 1085 min (b) after the aggregation process started.
Notice that —In[Iy4(¢)] is plotted in a log-log scale as a func-
tion of delay. In this plot an ideal stretched exponential decay,
exp [(—t/Tsg)?], is a line with slope a. Both curves for short
delay have a slope close to 1 and therefore the decay is nearly a
simple exponential. However, for large delays, curve (b) attains
a slope a=0.41, thus indicating a SE behavior. The solid lines
with slopes 1 and 0.41 are plotted for direct comparison with
the curves.

. :m:/dfﬂ 3+df ~(3+df)/df (5)
SET 6@ 3 3

Consequently from the experimentally determined values
for these two variables, both the fractal dimension and
the cutoff mass can be derived, once the monomer rota-
tional diffusion coefficient ® is also determined [12].

We report in Fig. 1 two correlation functions taken at
the early stage [curve (a)] and at an intermediate stage
[curve (b)] of the aggregation. Notice that —In(I,y) is
reported on a log-log plot as a function of delay. Both
curves at short delay have a slope close to 1 and therefore
the decay is nearly a simple exponential. For large de-
lays, however, the slope decreases and SE behavior sets
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FIG. 2. The cluster’s fractal dimension plotted vs the aggre-
gation time. The solid line, corresponding to the typical RLCA
value d,=2.1, is also shown for convenience.
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FIG. 3. Time evolution of the cutoff mass m,.

in. It should be noticed that the asymptotic slope value
gives the SE characteristic exponent «, and for curve (b)
a=0.41. Incidentally, a similar behavior has also been
observed for Iy, functions obtained from aggregating sil-
ica colloids [3].

The time evolution of the fractal dimension d; and of
the cutoff mass are reported in Figs. 2 and 3, respectively.
The fractal dimension is found close to 2.1, the typical
value reported for RLCA [3,4]. Actually, the first three
data points at the earliest stages are somewhat off and
affected by large errors (see later on the discussion on the
early stages of the aggregation).

Figure 3 shows that the cutoff mass (which is propor-
tional to the weight average cluster mass) has a rapid ini-
tial increase, followed by a slower rate of growth, compa-
tible with an exponential growth. Similar results have
been already reported for RLCA dynamics in conjunc-
tion with polystyrene spheres [4].

Additional and important information can be extracted
from the small delay portion of the correlation function.
The first cumulant is given by

Cyp=— (01} | ®
dt t=0
I'yy can be easily evaluated from I,y at small delay
times. From Eqgs. (3) and (6) we can derive the depen-
dence of I' 5 on the parameters 7, dy, m., and ©:

S m[m "exp(—m /mc)]6—?/d7
Ty =" MM
> m{m "exp(—m /m,)]
m=1

FIG. 4. The exponent 7 (characterizing the low-m power-law
behavior of the mass distribution) vs the aggregation time.

Since we measure I'j; and we have already deter-
mined ds, m., and ®, we can insert these values into Eq.
(7) and numerically solve for 7.

A plot of 7 vs aggregation time is shown in Fig. 4. No-
tice that at the early stages the value of 7 is affected by
large error bars. We believe that this is due to the fact
that the expression N(m)~m ~7 is a poor representation
of the polydispersity at the early phases of the aggrega-
tion. Consequently, the forceful fitting with such an ex-
pression yields large error bars for 7. Later on, the data
approach the value 1.5, and the error bars are substan-
tially reduced. This result confirms the values reported in
previous papers [1,2,4,5]. At variance with the tech-
niques used in some of these works, however, DDLS nei-
ther requires sample manipulations nor sophisticated al-
gorithms for the data analysis, the interpretation of the
results being instead rather straightforward.

We point out that, by comparing Figs. 3 and 4, both
curves approach the predicted theoretical behavior ap-
proximately at the same time. Consequently, we con-
clude that the exponential growth sets in only after the
transient that is necessary to let the cluster mass distribu-
tion attain its asymptotic form. Incidentally, Figs. 3 and
4 also show that the cutoff mass m, should roughly
exceed 50 monomers.

We would like to thank and acknowledge useful discus-
sions with V. Degiorgio, D. A. Weitz, D. Cannell, and
M. Carpineti. One of us (M.G.) would also like to thank
G. B. Benedek for arranging a profitable stay at MIT.
This work has been supported by grants from the Min-
istero dell’Universita e della Ricerca Scientifica e Tecno-
logica.

[1] G. K. von Schulthess, G. B. Benedek, and R. W. De Blois,
Macromolecules 13, 939 (1980).

[2] D. A. Weitz and M. Y. Lin, Phys. Rev. Lett. 57, 2037
(1986).

[3]J. E. Martin, Phys. Rev. A 36, 3415 (1987).

[4] M. Y. Lin, H. M. Lindsay, D. A. Weitz, R. C. Ball, R.

Klein, and P. Meakin, Phys. Rev. A 41, 2005 (1990).

[S] M. L. Broide and R. J. Cohen, Phys. Rev. Lett. 64, 2026
(1990).

[6]J. E. Martin and B. J. Ackerson, Phys. Rev. A 31, 1180
(1985).

[7] B. Berne and R. Pecora, Dynamic Light Scattering (Wiley,



RAPID COMMUNICATIONS

48 DEPOLARIZED DYNAMIC LIGHT SCATTERING FROM . .. R2361
New York, 1975). Phys. Condens. Matter 2, SA69 (1990).
[8] R. Piazza and V. Degiorgio, Opt. Commun. 92, 45 (1992). [12] The monomer rotational diffusion coefficient ® has been
[9] R. Piazza, V. Degiorgio, M. Corti, and J. Stavans, Phys. determined by low-angle DDLS from a nonaggregated
Rev. B 42, 4885 (1990). sample. Incidentally, we derive from this measurement
[10] F. Mantegazza, M. Giardini, R. Piazza, and V. Degiorgio, ap,=42 nm, in good agreement with the polarized DLS
J. Phys. Condens. Matter 4, 8683 (1992). value ay=45.8 nm.

[11] V. Degiorgio, R. Piazza, F. Mantegazza, and T. Bellini, J.



