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Light-scattering form factors of asymmetric particle dimers
from heteroaggregation experiments
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Measurements of form factors of asymmetric particle dimers composed of oppositely charged
polystyrene latex particles are presented. These measurements are based on time-resolved static and
dynamic light scattering on dilute aggregating aqueous suspensions. The experimental form factors
are compared with independent calculations based on the superposition T-matrix method and
Rayleigh-Debye-Gans �RDG� approximation. While the RDG approximation is found to be reliable
only up to particle diameters of about 250 nm, the superposition T-matrix method is very accurate
for all types of dimers investigated. The present results show clearly the appropriateness of the
superposition T-matrix method to estimate the optical properties of colloidal particles in the
micrometer range reliably. © 2005 American Institute of Physics. �DOI: 10.1063/1.1996570�
INTRODUCTION

Scattering of light from particle aggregates in the mi-
crometer size range is essential in a variety of systems, in-
cluding suspensions, emulsions, clouds, or dust. In order to
understand the optical properties of these systems, one must
be able to predict the optical response of particle aggregates.
Such predictions are indispensable for a wide variety of sci-
entific fields. Let us just mention two very different ex-
amples. First, in the development of novel materials, func-
tionalized latex particles, coated metal particles, or
polymeric capsules are relevant.1–4 Thereby, light scattering
is commonly used to monitor the aggregation state of such
suspensions.5–9 In order to measure the particle-aggregation
rate constants reliably, it is important to be able to predict the
optical response of particle aggregates. Second, consider the
analysis of global satellite observations.10,11 The model and
the satellite retrieval results depend critically on the albedo
caused by the particulate matter in the atmosphere. Again,
the reliable prediction of the optical properties of particle
aggregates becomes a central issue.

In the past, the calculation of optical properties of an
object was approached based on the classical theory of
Rayleigh-Debye-Gans �RDG�.12,13 This theory is applicable
when the particle or aggregate size is small compared to the
wavelength of light, or when the contrast is sufficiently
weak. In many situations, however, these conditions are not
met, and an exact solution of Maxwell’s equations becomes
necessary. Such an exact solution has been put forward by
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Mie around the turn of the century for a sphere, but analo-
gous solutions for other geometries have remained inacces-
sible until relatively recently. Among those, the coupled di-
pole approximation can handle objects of any shape.
Thereby, the object is replaced by an array of dipoles, and as
a result, the technique is computationally expensive, particu-
larly, when averaging over orientations become
necessary.14,15 Techniques based on T-matrix methods are
much more powerful for aggregates composed of spherical
particles. Here one obtains the exact solution based on ex-
pansions in spherical harmonics, and the currently imple-
mented codes are fast, accurate, and provide orientation-
averaged results directly.16,17

Nevertheless, in order to be able to apply these tech-
niques to realistic systems, it is necessary to gain confidence
in these approaches by comparing their predictions with ex-
perimental results on well-defined model systems. Initially,
such tests were carried out in the microwave region, where
the scattering could be directly tested on macroscopic
objects.18,19 More recently, such a comparison was carried
out in the optical regime on individual aggregates composed
of a few primary particles, but some uncertainties concerning
the particle size, which was supplied by the manufacturer,
remained.20

A different approach to study the properties of particle
dimers in the optical regime is to focus on the initial stages
of an aggregating suspension of colloidal particles. This type
of comparison was so far carried out for identical particles,6

but mixed systems composed of different particles provide a
more stringent test, as asymmetric particle dimers could be

studied. Such an analysis is being put forward here. The
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heteroaggregation of two oppositely charged particles is fol-
lowed by time-resolved simultaneous static and dynamic
light scattering �SSDLS�, and from its initial time depen-
dence we extract the form factor of the dimers. While the
systems investigated show substantial deviations to the RDG
theory, the superposition T-matrix method captures the ex-
perimental data very well.

THEORY

Let us first discuss the scattering from a dilute binary
colloidal suspension where asymmetric particle dimers form
by heteroaggregation, and then discuss how the optical prop-
erties of these dimers can be calculated.

Light scattering from early stages of
heteroaggregation

Consider colloidal suspension composed of spherical
particles A and B, which exclusively undergoes heteroaggre-
gation. In the early stages of the aggregation process, only
particle dimers AB are forming according to the kinetic pro-
cess A+B→AB. This situation has been discussed earlier in
more detail,21 and only a summary is given here for com-
pleteness. The concentrations of the components follow the
kinetic equations

dNAB�t�
dt

= −
dNA�t�

dt
= −

dNB�t�
dt

= kABNA�t�NB�t� , �1�

where Ni�t� is the time-dependent particle number concentra-
tions of species i �i=A ,B ,AB� and kAB is the heteroaggrega-
tion rate constant.

In a static light-scattering experiment, the intensity of
the scattered light varies with time due to the formation of
aggregates. In the case of a dilute aggregating suspension, it
is given by

I�q,t� = �
i

Ii�q�Ni�t� , �2�

where Ii�q� is the static light-scattering intensity of the spe-
cies i=A, B, AB, and q is the magnitude of the scattering
vector given by q= �4� /��sin�� /2�, where � is the wave-
length of the light in the medium and � is the scattering
angle. The relative change in static light-scattering intensity
can be obtained by differentiating Eq. �2� and inserting into
Eq. �1�. One obtains the result

� 1

I�q,0�
dI�q,t�

dt
�

t→0
=

kABN0xAxB�IAB�q� − IA�q� − IB�q��
IA�q�xA + IB�q�xB

, �3�

where I �q ,0�= IA�q�NA�0�+ IB�q�NB�0� is the initial scatter-
ing intensity, N0=NA�0�+NB�0� is the initial total particle
number concentration, and xi=Ni�0� /N0 is the initial number
fraction of particle i�i=A ,B�.

Dynamic light scattering measures the average diffusion
coefficient of the species present, weighted by the scattered
light intensity. In a dilute binary colloidal system, the appar-

ent diffusion coefficient is
D�t� =

�
i

DiIi�q�Ni�t�

�
i

Ii�q�Ni�t�
, �4�

where Di is the diffusion coefficient of species
i �i=A ,B ,AB�. By taking the time derivative of Eq. �4� and
combining with Eqs. �1� and �2�, we obtain the relative rate
of change of the diffusion coefficient

� 1

D�0�
dD�q,t�

dt
�

t→0

= kABN0xAxB�DABIAB�q� − DAIA�q� − DBIB�q�
DAIA�q�xA + DBIB�q�xB

−
IAB�q� − IA�q� − IB�q�

IA�q�xA + IB�q�xB
� , �5�

where

D�0� =
DAIA�q�xA + DBIB�q�xB

IA�q�xA + IB�q�xB
�6�

is the initial value of the apparent diffusion coefficient. The
isotropically averaged diffusion coefficient of the dimer can
be expressed as

DAB =
2

�

DADB

DA + DB
, �7�

where the relative hydrodynamic radius of the dimer � is
given by the approximation formula21

� = 1.392 + 0.608	 rB − rA

rB + rA

2

, �8�

where ri is the radius of particle i �i=A ,B�. This formula
agrees to a few percent with the exact solution obtained from
the flow around two spheres at low Reynolds numbers.

Computation of form factors of asymmetric
dimers

The angular dependence of the scattered intensity of a
scatterer i is commonly expressed in terms of the form factor

P�q� =
Ii�q�
Ii�0�

. �9�

The form factor is a dimensionless quantity with the property
P�0�=1. The scattering intensity of an asymmetric dimer of
two spherical particles A and B can be expressed within the
RDG approximation as

IAB�q� = IA�q� + IB�q� + 2�IA�q�IB�q�
sin q�rA + rB�

q�rA + rB�
, �10�

where the scattering intensity of the monomer is given by

Ii�q� �
1

q6 �sin qri − q ricos qri�2. �11�

These expressions are only applicable for particles which are
sufficiently small compared to the wavelength of the light, or

at sufficiently weak contrast.
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For larger particles, the scattered intensity of asymmetric
doublets must be computed using an exact solution of the
Maxwell equations. We have used the so-called superposi-
tion T-matrix method as described earlier.17 The gist of this
technique can be summarized as follows. Consider scattering
of a plane electromagnetic wave by an arbitrary fixed multi-
sphere aggregate. The incident and the total scattered electric
fields at an observation point are expanded in vector spheri-
cal wave functions �VSWFs� centered at the origin of the
coordinate system

Einc�r� = �
n=1

�

�
m=−n

n

�amnRgMmn�kr� + bmnRgNmn�kr�� ,

�12�

Esca�r� = �
n=1

�

�
m=−n

n

�pmnMmn�kr� + qmnNmn�kr�� , �13�

where k=2� /� is the wave number in the surrounding me-
dium and r is the position vector of the observation point.
The coordinate system can be chosen arbitrarily, although it
is advantageous to place its origin at the geometrical center
of the cluster. The properties of the vector spherical wave
functions are summarized in Appendix C of Ref. 13. The
functions RgMmn and RgNmn are regular �finite� at the origin,
while the use of the outgoing functions Mmn and Nmn in Eq.
�13� ensures that the scattered field satisfies the radiation
condition at infinity �i.e., the transverse component of the
scattered electric field decays as 1/r, whereas the radial com-
ponent decays faster than 1/r with r→��.

The expansion coefficients of the plane incident wave
are given by simple closed-form analytical expressions and
can be easily evaluated. Owing to the linearity of the Max-
well equations and constitutive relations, the relation be-
tween the scattered-field expansion coefficients pmn and qmn

on one hand and the incident field expansion coefficients amn

and bmn on the other hand must be linear and is given by the
so-called transition matrix �or T matrix� T as follows:

pmn = �
n�=1

�

�
m�=−n�

n�

�Tmnm�n�
11 am�n� + Tmnm�n�

12 bm�n�� , �14�

qmn = �
n�=1

�

�
m�=−n�

n�

�Tmnm�n�
21 am�n� + Tmnm�n�

22 bm�n�� . �15�

In compact matrix notation, Eqs. �14� and �15� can be rewrit-
ten as

�p

q
� = T�a

b
� = �T11 T12

T21 T22��a

b
� , �16�

which means that the column vector of the expansion coef-
ficients of the scattered field is obtained by multiplying the T
matrix and the column vector of the expansion coefficients of
the incident field.

To compute the T matrix, the total field scattered by the
cluster, Esca�r�, is expressed as a superposition of individual

fields scattered from each sphere. The individual fields
scattered by the component spheres are expanded in VSWFs,
with origins at the individual sphere centers. The linear rela-
tion between the corresponding expansion coefficients and
the incident-wave expansion coefficients amn and bmn is es-
tablished via the diagonal individual-sphere T matrices, with
elements given by the corresponding Lorenz-Mie coeffi-
cients. This procedure ultimately results in a matrix equation
for the scattered-field expansion coefficients of each sphere.
Inversion of this cluster matrix equation gives sphere-
centered transition matrices that transform the expansion co-
efficients of the incident wave into the expansion coefficients
of the individual scattered fields. In the far-field zone of the
entire cluster, the individual scattered-field expansions are
transformed into a single expansion centered at the common
origin of the cluster. This procedure gives the cumulative T
matrix of the cluster, which enters Eq. �16�.

Equation �16� is the cornerstone of the T-matrix ap-
proach. Indeed, if the T matrix is known, Eqs. �12�–�15� give
the scattered field and any observable scattering characteris-
tic of the cluster can be evaluated. Furthermore, the T matrix
can be used in an analytical averaging of scattering charac-
teristics over cluster orientations,13,16,17 which makes this
technique orders of magnitude faster than any alternative ex-
act solution of Maxwell’s equations.

The T-matrix computer code used in our computations is
described in Sec. 5.13 of Ref. 13 and is available at
www.giss.nasa.gov/�crmim. The code yields all scattering
and absorption characteristics of a two-sphere cluster in ran-
dom orientation, including the extinction, scattering, and ab-
sorption cross sections, the single-scattering albedo, the
asymmetry parameter, and the elements of the normalized
Stokes scattering matrix. In particular, the product of the
scattering cross section and the �1,1� element of the scatter-
ing matrix determines the scattered intensity IAB�q�. The
code has been thoroughly tested and gives very accurate re-
sults within the domain of numerical convergence. Unlike
the case with the RGD approximation, which is fully ana-
lytic, the practical use of the T-matrix technique may require
significant computer resources. However, the decisive advan-
tage of the T-matrix method is that it is numerically exact
and generates guaranteed numbers for any refractive index
and particle size as long as numerical convergence is
reached.

EXPERIMENT

Light-scattering instrumentation

The instrument used is a multiangle simultaneous static
and dynamic light-scattering �SSDLS� goniometer equipped
with eight optical fiber detectors �ALV/CGS-8, Langen, Ger-
many� with a solid-state laser operating at 532 nm �Verdi V2,
Coherent� as a light source. The optical fibers guide light to
photomultipliers and the output signals are fed into correlator
boards, which accumulate the autocorrelation functions and
the scattered intensities from all detectors. By rotating the
goniometer during the measurement, additional scattering
angles can be monitored, thus increasing the angular

resolution.
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Particle characterization and sample preparation

Sulfate- and amidine-terminated surfactan T-free poly-
styrene latex particles were purchased from Interfacial Dy-
namics Corporation �IDC, Portland�. Before use, the latex
particles were dialyzed for about two weeks in de-ionized
water �Milli-Q, Millipore� until the conductivity of the sur-
rounding water decreased to that of the pure de-ionized wa-
ter. The particle concentration was determined by total car-
bon analysis �TOCV, Shimadsu� or by comparison of the
scattered intensities with a reference sample as obtained by
static light scattering. Electrophoretic mobilities were mea-
sured by laser doppler velocimetry �Zetasizer 2000, Malv-
ern�. From these measurements, we have verified the ex-
pected sign of the particle charge �see Table I�.

Glass cuvettes used for light scattering were cleaned in
hot mixture of H2O2 and H2SO2 �1:4�, rinsed excessively
with de-ionized water, and rinsed with a suspension of ami-
dine latex to reduce loss of sample on cuvette walls. The
samples were prepared by diluting the dialyzed suspensions
with de-ionized water. The solution was adjusted to pH 4
with HCl, resulting in an ionic strength of 10−4M.

Particle size was determined by analyzing dilute suspen-
sions of each individual type of particles by static and dy-
namic light scattering. The total particle concentration was
adjusted to 2�1014 m−3, which corresponds to a mass con-
centration ranging from 0.4 to 4 mg/L. Form factors shown
in Fig. 1 were found by dividing the measured scattering
intensity I�q� by the forward-scattering intensity I�q=0� ob-
tained by extrapolation to small q in a Guinier plot. The
static light-scattering data could be fitted well to a model of
a polydisperse suspension with Mie theory, including a cor-
rection for the reflected light �see Fig. 1�. The size distribu-
tion was assumed a truncated Gaussian, and the Mie scatter-
ing functions were evaluated according to standard
procedures.12,13 The calculations used a refractive index for
the latex particles of 1.596 �polystryrene� and 1.337 for the
solvent �water�, and a reflection coefficient of 0.059, the lat-
ter being defined as the ratio between the magnitudes of the
incident and reflected electric fields.6 These parameters could
be used for all latex samples, and were further employed in
the superposition T-matrix calculations. Dynamic light scat-

TABLE I. Summary of the particle properties. Measu
of variation �CV� by transmission electron microsc
measured by dynamic and static light scattering �DLS
the calculations and charging properties of the partic

Diameter
�nm�

Code Type Best TEMa SLS D

S282 Sulfate 282 270 274 2
S358 Sulfate 358 350 355 3
A160 Amidine 160 133 160 1
A220 Amidine 220 214 220 2
A482 Amidine 482 472 473 4

aDetermined by the manufacturer.
bMeasured in 10−4M HCl.
tering was analyzed with second-order cumulant fit, and one
obtains a constant hydrodynamic radius within the error of a
few percent with the exception near the minima of the form
factor. These findings, summarized in Table I, are in good
agreement with the manufacturer’s specifications.

iameters and polydispersity expressed as coefficient
�TEM�. Hydrodynamic and gyration diameters are
SLS�, respectively. The best-fitted diameters used in
e given as well.

CV Charging characteristics

TEMa SLS
Chargea

�mC/m2�
Mobilityb

�10−8 m2 V−1 s−1�

0.06 0.09 11 −3.9
0.03 0.07 12 −4.5
0.11 … 82 +4.3
0.08 … 100 +4.4
0.03 0.05 160 +4.7

FIG. 1. Monomer form factors of the larger particles used with best fit by
Mie theory including polydispersity and back-reflection correction. �a�
red d
opy
and

les ar

LS

90
60
60
20
90
S282, �b� S358, and �c� A482.



064709-5 Light scattering from asymmetric particle dimers J. Chem. Phys. 123, 064709 �2005�
Time-resolved aggregation studies

Samples for heteroaggregation studies were prepared by
mixing dilute suspensions of respective amidine and sulfate
latex particles in 10−4M HCl solution in order to maintain the
ionic strength and pH of 4. Formation of particle aggregates
was monitored by time-resolved SSDLS with an angular
resolution of 8° for about 20 min. For the largest particle
couple studied �A482-S358�, the angular resolution could be
decreased to 5°, since the aggregation kinetics was suffi-
ciently slow. The correlation functions were typically accu-
mulated for 20 s, and were analyzed with a second-order
cumulant fit. Formation of aggregates could be evidenced by
the increase of the scattering intensity at sufficiently low
angles, and a decrease of the apparent diffusion coefficient.
The initial rate of change of both quantities was extracted as
a function of the scattering angle. For the chosen particle
concentration, the initial diffusion coefficient was in good
agreement with Eq. �6� and showed a relative decrease of
about 20%. From this observation, we conclude that the sys-
tem is indeed in the early stages of the aggregation, and that
formation of larger aggregates can be neglected. The same
conclusion can be obtained by estimating the half-time of the
aggregation T1/2�2/ �kABN0� and approximating the rate
constant by Smoluchowski’s value of 12�10−18 m3/s. The
half-time is around 800 s, which is comparable to the experi-
mental time window. From similar studies on suspensions of
the individual latex particles, we have verified that no homo-

FIG. 2. Experimentally observed apparent rates for the couple A160-S282
together with the best fit using the T-matrix calculations �solid� and RDG
approximation �dashed�. The mole fraction of amidine particles is denoted
by xA. �a� Static and �b� dynamic light scattering.
aggregation could be observed under the same conditions.
RESULTS AND DISCUSSION

Three different binary mixtures of oppositely charged
particles undergoing exclusive heteroaggregation were used,
namely, A160-S282, A220-S358, and A482-S358. The par-
ticle properties are summarized in Table I. Absolute hetero-
aggregation rate constants have been determined in an elec-
trolyte solution at an ionic strength of 10−4M. The apparent
SLS and DLS rate constants are shown in Figs. 2–4.

Absolute aggregation rate constants

The rate constants were determined in two different
ways. The first approach incorporates the evaluation of the
apparent rate constants given by Eqs. �3� and �5� with the
scattering functions of the particle dimer with the superposi-
tion T-matrix method in a least-squares-fitting algorithm.
From the SLS data, we have extracted the absolute aggrega-
tion rate constant kAB, while to the DLS data the relative
hydrodynamic dimer radius � was fitted as well. The results
for the three pairs A160-S282, A220-S358, and A482-S358
are summarized in Table II. The corresponding fits of the
experimental data are shown in Figs. 2–4 �solid lines�. The
RDG approximation �dashed lines� gives a worse description
of the data. In particular, the DLS data for the pairs A160-
S282 and A482-S358 are poorly described �Figs. 2�b� and
3�b��.

The second approach does not rely on any optical mod-

FIG. 3. Experimentally observed apparent rates for the couple A220-S358
together with the best fit using the T-matrix calculations �solid� and RDG
approximation �dashed�. The mole fraction of amidine particles is denoted
by xA. �a� Static and �b� dynamic light scattering.
els. Here we shall only summarize the essence of the tech-
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nique, as the details can be found in a separate publication.22

The technique is based on the measurement of SSDLS. From
these data, the aggregation rate as well as the hydrodynamic
dimer radius can be extracted without making any assump-
tions concerning the form factor of the dimer. While
the technique has the advantage to be model free, it has
the disadvantage to be accompanied with larger errors
than the previous one. Moreover, we had problems with the
convergence of the technique, albeit not for the examples

TABLE II. Measured heteroaggregation rate constan
tigated. The mole fraction of amidine particles is den

kAB ��10−18 m3 s

Couple xA SLS DLS

A160-S282
0.7 6.84±0.45 6.76±0.30
0.8 6.48±0.42 6.86±0.30
0.9 6.92±0.34 6.63±0.42

Average 6.7±0.4 6.8±0.4

A220-S358
0.7 6.63±0.47 6.47±0.30
0.8 6.27±0.41 6.20±0.32
0.9 6.46±0.32 6.19±0.35

Average 6.5±0.4 6.3±0.3

A482-S358
0.1 6.40±0.60 6.30±0.40
0.2 5.92±0.63 6.03±0.44
0.3 6.05±0.61 6.14±0.42

Average 6.1±0.6 6.2±0.4

FIG. 4. Experimentally observed apparent rates for the couple A482-S358
together with the best fit using the T-matrix calculations �solid� and RDG
approximation �dashed�. The mole fraction of amidine particles is denoted
by xA. �a� Static and �b� dynamic light scattering.
shown here. The corresponding results are summarized in
Table II. One immediately observes that these SSDLS results
are well consistent with the independent analysis of the SLS
and DLS results, which rely on the superposition T-matrix
method.

Both approaches give very similar results for the rate
constants, and they further are independent of the mole frac-
tion used. For the couples A160-S282, A220-S358, and
A482-S358, our best estimates of the heteroaggregation rate
constants are �6.8±0.4��10−18 m3 s−1, �6.4±0.4�
�10−18 m3 s−1, and �6.4±0.7��10−18 m3 s−1, respectively.
These values are comparable to earlier measurements of ab-
solute rate constants for heteroaggregation of smaller par-
ticles under similar conditions,21 and they are somewhat
smaller than the diffusion-controlled rate constant of
12�10−18 m3 s−1 given by the classical Smoluchovski
theory. This difference is mainly caused by the presence of
the hydrodynamic interactions between the approaching
spheres, which causes a slowdown of the aggregation pro-
cess.

Very similar values for the relative hydrodynamic dimer
radius are also obtained from the two techniques, and for this
reason the best-fitted values can be obtained from their av-
erages, namely, 1.40±0.07, 1.46±0.07, and 1.33±0.05 for
the couples A160-S282, A220-S358, and A482-S358, respec-
tively. These values should be compared with the corre-
sponding theoretical estimates of 1.44, 1.43, and 1.40
�cf. Eq. �8��. All these estimates are within the error margins,
with the exception of the largest couple A482-S358, where
the hydrodynamic radius is overestimated by theory. This
disagreement is similar to the results reported for
homoaggregation.6 This minor discrepancy is eventually due
to contributions from rotational diffusion in the DLS signal,
which is expected to become more important for large par-
ticles.

We note that the results of the model-free analysis agree
very well with those obtained by the T-matrix method. While
the model-free analysis makes no assumptions about the
optical properties of the dimer, the agreement of both tech-

d relative hydrodynamic radii for the couples inves-
by xA.

�

SDLS DLS SSDLS Theory

08±0.51 1.43±0.07 1.42±0.07
96±0.60 1.37±0.07 1.38±0.07
54±0.96 1.40±0.07 1.41±0.08
9±0.7 1.40±0.07 1.40±0.07 1.44

21±0.25 1.47±0.07 1.52±0.08
23±0.31 1.45±0.07 1.48±0.07
42±0.28 1.41±0.07 1.43±0.07
3±0.3 1.44±0.07 1.48±0.07 1.43

50±0.60 1.28±0.05 1.31±0.05
81±0.67 1.34±0.05 1.32±0.05
50±0.58 1.37±0.05 1.32±0.05
9±0.6 1.34±0.05 1.32±0.05 1.40
ts an
oted

−1�

S

7.
6.
6.
6.

6.
6.
6.
6.

6.
6.
7.
6.
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niques indicates that the T-matrix must provide a good de-
scription of the optical properties. A more direct argument of
its validity will be given in the following section.

Dimer form factors

Once the heteroaggregation rate constants and hydrody-
namic dimer radii are known, we can recalculate the form
factors of the dimer from the SLS as well as the DLS data.
Knowing the aggregation rate constant and the hydrody-
namic factor, the scattered intensity of the dimer IAB�q� can
then be extracted from either Eq. �3� or Eq. �5�. Since the
absolute value of the forward dimer-scattered intensity
IAB�q=0� is not experimentally accessible, this quantity is
reported as the dimer form factor, which is normalized to
unity for small scattering angles. The latter is compared with
the dimer form factors calculated with the superposition

FIG. 5. Comparison of measured form factors for dimers with results of
T-matrix calculations �solid line� and RDG theory �dashed line� including
effects of polydispersity and back reflection. Different couples are �a� A160-
S282 for mole fraction of amidine particles xA=0.8, �b� A220-S358 for xA

=0.8, and �c� A482-S358 for xA=0.2. The other mole fractions are not
shown, but they follow the data closely.
T-matrix method.
The measured dimer form factors are shown in Fig. 5 for
the respective pairs A160-S282, A220-S358, and A482-S358.
The good agreement between the SLS and DLS data is a
strong indication of the consistency of the presented data
analysis. The experimental results are compared with the cal-
culations based on the superposition T-matrix method �solid
line� and the RDG approximation �dashed line�. Both calcu-
lations invoke corrections due to polydispersity and back re-
flection. Consideration of the back reflection is essential, es-
pecially for the larger particles, which scatter strongly in the
forward direction.

For the smallest couple A160-S282 shown in Fig. 5�a�,
the differences between the superposition T-matrix calcula-
tion and RDG approximation are relatively minor. Neverthe-
less, the superposition T-matrix calculation captures the
angle dependence more accurately. For the medium-sized
couple A220-S358 shown in Fig. 5�b�, the discrepancies be-
tween the superposition T-matrix calculation and RDG ap-
proximation are considerable, but the experimental data is
very well captured by the T-matrix method. The effects of
polydispersity are small in this case, since the particles are
relatively monodisperse. For the largest couple A482-S358
shown in Fig. 5�c�, the superposition T-matrix calculation
and RDG approximation for monodisperse samples yield
qualitatively different predictions, as evidenced by the differ-
ent number of minima accessible in the angular range. Nev-
ertheless, the superposition T-matrix theory captures the data
extremely well over almost three orders of magnitude in
scattering intensity.

These results demonstrate that the superposition
T-matrix method predicts the form factors of asymmetric
dimer of latex particles in the submicrometer range ex-
tremely well. For latex particle dimer in aqueous
suspensions, the RDG approximation is only accurate up to
particle diameters of about 250 nm. This finding is in accor-
dance with earlier findings of symmetric dimers.6

CONCLUSION

In a dilute aqueous suspension of mixed positively and
negatively charged latex particles at low salt concentration,
aggregate dimers of oppositely charged particles form. When
one follows such an aggregation process with time-resolved
light scattering, the form factors of asymmetric particle
dimers can be extracted from its short-time behavior. These
experimental form factors are compared with independent
calculations based on the superposition T-matrix method and
RDG approximation. While the RDG approximation is found
to be valid up to particle diameters of about 250 nm, the
superposition T-matrix method is very accurate for all types
of dimers investigated.

To our knowledge, the present measurements of form
factors of asymmetric particle dimers are the first of its
kind. The results clearly show the appropriateness of the
superposition T-matrix method to accurately estimate the op-
tical properties of colloidal particles in the micrometer

range.
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