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Determination of light-scattering form factors of latex particle dimers with simultaneous static
and dynamic light scattering in an aggregating suspension
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Light-scattering form factors and hydrodynamic radii of latex particle dimers were obtained by time-
resolved experiments in aggregating suspensions of latex particles with radii of 155 and 290 nm. The method
relies on a simultaneous measurement of static and dynamic light scattering at different angles with a fiber-
optics-based multiangle instrument in the early stages of the aggregation, where only particle dimers are
formed. Combined analysis of such simultaneous experiments allows the determination of absolute coagulation
rate constants without reference to light-scattering and hydrodynamic properties of the dimers. The knowledge
of this rate constant permits the evaluation of the dimer form factors from the static or the dynamic experiment.
The experimentally determined form factors agree well with results of calculation based on modal analysis and
discrete dipole approximatiofS1063-651X97)13311-9

PACS numbe(s): 82.70.Dd, 42.25.Fx, 78.35c, 83.70.Hq

I. INTRODUCTION which the total solution for the field outside the particles is
constructed from the superposition of the individual solu-
Various phenomena in colloid science can be investigatetions of each monome{9—16]: . o '
by light-scattering techniques. However, in most cases, the Such theories are potentially very interesting in various
analysis requires the knowledge of light-scattering properapplications that involve scattering of light from aggregates
ties, such as, for instance, the light-scattering form factor of? the micrometer size range. For example, they are impor-
the particles. Until recently, few theories were available fortant in atmospheric sciences to understand the optical prop-
light-scattering form factors of clusters and aggregatestties of aerosols and dust par_tlcle aggregates, or in colloid
whereby these theories were restricted to small particle size¥-!€nce to address light-scattering properties of aggregates of
and simply shaped particles. Meanwhile, these restrictiont&/9€r O optically dense particles. Such theories, however,
could be overcome to a large extent and these efforts result ve not yet been tested.systematllcally_ in the optical regime;
in a number of approaches for the theoretical investigation o@(\:/ggi:tgﬁyt?;rtgjevéiﬁeﬁg? gS_IOUt with microwaves on macro-
light scattering from aggregates. ; A . .
9 One genergl methoggforgcomputing scattering and absorp- The aim of the present study is to provide an independent
ex

. ) . . . X amination of the validity of these theories in the optical
tion by particles of arbitrary shape is the discrete dipole apiqgime In the following, we shall discuss experimental de-

proximation(DDA) [1,2] developed by DeVoe, Purcell, and ormination of dimer form factors in an aggregating colloidal

Pennypackef3—5]. In this method the solid particles are gyspension in an aqueous electrolyte solution. In the early

replaced by an array of point dipoles, where the spacingtages of the aggregation, only particle doublets are formed

between the dipoles is small compared to the wavelengthang their optical properties can be determined by monitoring

The dipoles interact with the incident field as well as with thethe light-scattering signals in a time-resolved experiment.

electric fields due to all of the other dipoles in the array. TheThe experiments were performed on a fiber-optics-based

coupled linear equations describing the dipole polarizatiormultiangle instrument, which permits the simultaneous mea-

are solved by iterative methods. surement of static and dynamic light scattering at different

Another approach that is appropriate for calculating formangles[19-21].

factors of clusters and aggregates is the modal analysis.

Thereby the incident and scattered fields are expanded in a

convenient basis set, whose symmetry is commensurable Il. THEORY

with the geometry of the scatterer. The method relies on the

so-called addition theorems, which enable the transformation

of the basis functions from the coordinate origin of one The most frequently used light-scattering theory for the

monomer to another. One reason for the relatively late deeescription of the form factor of aggregates is the classical

velopment of this theory for aggregates consisting of spheriRayleigh-Gans-Debye(RGD) approach, which provides

cal monomers is the fact that the necessary addition theorenstmple analytical expressions. The main idea behind the

for spheres were only derived in the early 1958s8]. Most  RGD approximation is the concept of independent subscat-

efficient schemes rely on the superposition formulation, interers. The whole volume of the scattering object is subdi-
vided into many volume elements. Each element represents a
Rayleigh scatterer that is excited by the incident wave. Due

* Author to whom correspondence should be addressed. to the assumption that each volume element scatters indepen-

A. Light scattering
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dently from the rest of the particle, no interference betweerthat the bulk dielectric function is obtained when inserted
the waves occurs inside the particle, or more mathematicallinto the Clausius-Mossotti relatiofb]. This relation con-
spoken, the field inside the particle is approximated by thenects the microscopic polarizability to the macroscopic bulk

incident field. dielectric function of the particle material. Because the clas-
Within the RGD approximation, the form factor of a sical Clausius-Mosotti relation applies in the long wave-
spherical particle is given bj22,23 length limit only, a corresponding lattice dispersion relation

must be consideredL,26].
i _(qa) )72 2.1 Each dipole located at; has an oscillating polarization
(qa)e[s n(qa)—(qajcodqa) |, : P, = «;E; whereE; is the electric field at its location, which
is driven by both the incident fielH;,. ; and the electric field
where a is the radius of the primary particle and of all the other dipoles in the array. This coupling of all
q=(4m/\)sin(6/2) is the magnitude of the scattering vector scattering elements within the particle leads to a set of
with 6 being the scattering angle andhe wavelength of the coupled linear equations,
light in the medium. The general expression of the form
factor of an arbitrary aggregate of spherical particles can be 2 A P.—E. 2.4
written within the RGD approximation as a sum over all i AL :
pairs of particle centers in the aggregdi2,24

Pi(q)=

i where the summation runs over all dipoles within the array
P.(q)= Pl(Q)[E sin(ri;q) (2.2  and the symmetric matrid, is related to the polarizabilities
‘ z [ o (ra) | along the diagonal by;; = 1/«; while the off-diagonal ele-
ments represent the coupling between the individual dipoles.
wherez is the number of spheres within the aggregatergnd  This linear system of equations can be solved numerically.
is the center-to-center distance between particlasd j. The total scattered field is then determined by the summation
The consequence of the RDG approximation is that thef all the dipole fields, and the far-field limit of the scattered
intensity of the scattered light depends only on the spatiaélectric field can be evaluated as
arrangement of the volume elements and one assumes that
the incident wave does not undergo any changes in the phase k2elkr
or amplitude after entering the particle. This condition leads Esed )=
to the following regime of validity of the RDG approxima-
tion:

r

> e N -NP, (2.5
]

wherek=2sx/\ is the magnitude of the incident wave vec-

tor, r=r/r a unit vector and the unit 3<3 matrix. This
method is applicable to any particle geometry. However, one
must ensure that the spacing between the dipoles is small
wherelL is the longest linear dimension of the particle and compared to the wavelength of a plane wave in the target
is the wavelength of the light in the medium andis the  material, and that the number of dipoles is large enough to
ratio of the complex refractive index of the particle relative describe the target shape satisfactorily. The optimum dis-
to the refractive index of the surrounding medium. There-cretization grid is determined by varying the number of dis-
fore, the simple analytical RGD expression is valid for par-cretization grid points and by comparison of the results with
ticles of arbitrary shape only if the particle size and the re-analytical solutions for spheres. Since light-scattering form
fractive index are not too large. For the case of latex particlegactors involve orientational averaging, the calculations must
in aqueous suspension, this limitation prevents the use of thige usually repeated for different orientations, which makes
approach for particless250 nm in diameter. this method computationally expensive.

In order to overcome the size limitation of the RGD The MA appears to be the most efficient way to solve the
theory it is necessary to allow for phase and amplitudemultiple sphere scattering problem. The field of the incident
changes of electromagnetic waves within the particles. Tha&vave E;,. and the scattered wavg, is expanded in basis
exact solution of this problem for a single sphere due to Migfunctions, whose symmetry is commensurable with the ge-
is straightforward and is readily availall22,25. However, ometry of the scatterer. The total solution of the external
the solution of the analogous problem for aggregates ofield outside the cluster is then constructed from the super-
spheres is nontrivial, and solutions of this problem wereposition of the individual solutions of each monomer.
given only recently{1-5,12—-18&. The problem can be ap- For a collection of spherical particles the incident and
proached with two different technique§) the discrete di- scattered fields can be decomposed into individual fields of
pole approximatiofDDA), which is a numerical method for each spherg, which in turn are expanded into vector spheri-
solving scattering problems for objects of arbitrary shapegal harmonicg§23]
and (ii) modal analysigMA), which permits an analytical
solution of the scattering problem for an aggregate of S . _ : .
spheres. oF o Eh(r) =3 [ah M ar) +bhN&(ar)], (26

In the DDA the scatterer is divided into identical ele- o
ments, where each element, arranged, for instance, on a cu-
bic lattice, is small enough to be represented by a dipole i (riy= i M qri i N®(qri
oscillator. The polarizability of each element is chosen such Esed1) nEm [PmaM ma(ar?) + i Nign(ar) 1, (2.7)

2mL
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wherer! originates at the center of sphejrethe expansion whereNj is the initial particle concentration.

coefficients for the incident and scattered fields are In the dynamic light-scattering experiment one can moni-
(al..,bl ) and @.,,.q),,), respectively. The vector spheri- tor the intensity averaged diffusion coefficient, which is ob-
cal harmonicsM E#% and N§n1|)1 have a Bessel-function radial tained from the first cumulant of the field autocorrelation

dependence and are regular at the origin, whekégd and ~ function and reads

N have a radial dependence based on the Hankel functions

Dl N1(t)+ Dol No(t
and vanish at infinitf27]. Due to the linearity of the Max- D.(q,t)= — 2N (V) + Dala(a)Na( ), (2.13
well equations the relation between the column of the expan- L1 ()N (t) +12(a)Na(t)

sion coefficient of the incident plane waeé=(al ,,bl )
and those of the initially unknown scattered field
p'=(p!,.q},), can be expressed by a system of linear equa
tions in matrix form

whereD,; andD, are the diffusion coefficients of the mono-
mers and doublets, respectively. Using the solution of Eq.
{2.9 and introducing the hydrodynamic radiug by means

of the Stokes-Einstein relation, one obtains for short times

12(a)
2l (a)”

where T!I" represents transition matrices, which transform 219

the expansion coefficients of the incident field into the cor-wherery, ,/r,,=D,/D; is the ratio of the hydrodynamic
responding coefficients of the scattered field. The matrix elradii of the monomers and doublets.

ementsT!!" are obtained by means of addition theorems for  Since the static and dynamic light-scattering signals can
spherical vector harmonics. The most efficient method folbe measured simultaneously, the data can be analyzed in the
the solution of Eq.(2.9) is the “order of scattering” tech- following fashion. Eliminating the optical factor
nique[14,15. This technique is an iterative scheme, which is!2(q)/[211(q)] from Egs.(2.12 and(2.14 leads to a linear
based upon the concept of multiple reflection. The externalelation between two experimentally accessible quantities:
field about a given monomer is composed of a series of par-

ai+> Til'a =pl, 2.9 o [_drh(q't)} :kNO(l_rLl
i’ ra(q,0f dt | M2

tial fields arising from first, second, and higher reflections of 1 |d1(q,0) :(1— Tha|
neighboring spheres plus the incident field. Additional re- 1(q,0)| dt | M2
finements of these techniques are discussed elseWb@ire
y 1 [drh(q,t)} KN
B. Combined evaluation and hydrodynamic theories rn(q,0) dt 0 0
Consider the very early stages of aggregation in a dilute, (2.15

initially monomeric particle suspension. For sufficiently

short times only the monomers and particle doublets domiA straight line is obtained by plotting the initial rate of

nate and the presence of all higher order aggregates can bbange of the static light-scattering intensity as a function of

neglected 28—30. In this regime, the concentration evolu- the corresponding quantity for the hydrodynamic radius.

tion can be described according to From its intercept the absolute coagulation rate constant fol-
lows, and from the slope we obtain the ratio of the hydrody-

dN; namic radii of the dimer and the monomer. Thus, simulta-

——=—kN?, (2.9 . o -
dt neous dynamic and static light-scattering measurements
allow one to determine the absolute coagulation rate without
dN, 1 any reference to light-scattering and hydrodynamic theories.
WZEKNL (2.10 As additional information from these experiments, one

obtains the ratio of the hydrodynamic radii of the doublet
where N;(t) and N,(t) are the number concentrations of and the monomer, ,/ry, ;. The ratio can be evaluated from

particle monomers and particle doublets, respectively. Adlifferent theories in a low Reynolds number fluigl]. The
long as one has contributions from the monomers and dimefdydrodynamic radius is related by the Stokes-Einstein rela-

only, the intensity of scattered light is given by tion to the mutual diffusion coefficients, which can be ex-
pressed in terms of the resistance coefficients of the two
1(g,t)=15(q)N1(t) +1,(q)Nx(t), (2.1)  spheres along(R) and perpendiculax (R) to their line of
centers by
wherel (q) andl,(q) are the scattered intensities from the L,
monomers and doublets, respectively. Note that these quan- N (R) 0 0
tities are directly related to the corresponding forn_1 factors by D(R)= B 4o 0 A Y(R) 0 ’
Pi(a)=1.(a)/1,(0) and P,(q)=1,(q)/1,(0). Solving Eq. 6myr 2 .
(2.9 for short times, the initial rate of change in the static 0 0 A 7(R)
light intensity can be expressed as (2.19
1 [di(q,t) 1,(q) wherekg is the Boltzmann constant, is the absolute tem-
_— = —_—— erature, is the viscosity of the fluidR is the distance
@Ol dt |, o2 1}' 212 eweent ) A

between the centers of the two spheres and tr is the trace. For
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the case where the two spheres touB=Qa) and are not an argon ion lasefCoherent Innova 200-)®perating at a
free to rotate, one obtains)\”‘1(2a)=0.645 and wavelength of 488 nm is employed.

A }(2a)=0.694[32]. The ratio of the hydrodynamic radii A computer-controlled multiplexer selects the photomul-
of the doublet and the monomer turns out to be tiplier signals that are being sent to the correlators. One can
therefore choose the angles at which the dynamic measure-

Fo/rp1=1.38. (2.17 ments are being performed, which is particularly useful for
o many short time-resolved measurements as in the study of
If the two spheres are free to rotatg,/ry, ;=1.35. coagulation processes. It allows us to alternate between dif-

The hydrodynamic radii can be also obtained by means oferent groups of angles and thus to obtain a quasicontinuous
the probabilistic path method. In this method the frictionseries of dynamic light-scattering experiments at eight scat-
coefficients are calculated from hitting probabilities of ran-tering angles with a temporal resolution of a few seconds.
dom walks launched from a spherical surface, which enFor an individual static and dynamic light-scattering mea-
closes the object of interef33]. In the case of a doublet of surement, data were typically accumulated for 10 s for a
two fixed spheres this method, ,/r,, ;= 1.396+0.009. In  single measurement. Such measurements were repeated con-
the Kirkwood-Risemann approximation the friction coeffi- tinuously in a time interval of 40 min up to several hours
cient of an aggregate composed of identical particles is estl19]. By changing the direction of the incident beam relative
mated only by the number of particles and their center-too the optical axis, a continuous range of scattering angles

center distancef34—36. This approximation gives for the Can be obtainefi21]. This enables a complete angular scan
same situationy, ,/ry, ;=1.33. in the static and dynamic light-scattering measurements of

the time-dependent coagulation process.
I1l. EXPERIMENT
C. Combined evaluation

A. Material For the 155-nm particles the final latex concentration in

Two different types of polystyrene latex particles werethe cell was in the range from 66l0" m™2 up to
used. The first polystyrene latex was manufactured by Intert.2x 104 m~3. For the 290 nm particles all measurements
facial Dynamics Corporation, PortlaitDC) without the use  were made with a concentration Nf=4.0x 10° m~3. Al-
of surfactants. According to the information provided by though the measurements are in the fast coagulation regime
IDC, the particles have a radius of 155 nm with a coefficientthese particle concentrations ensure a half-time of about
of variation of 2.8% as measured by electron microscopy4000 s, which allows one to study the initial dimer formation
They are charge stabilized by carboxyl groups with a surfacevithout measurable contributions of triplets and larger aggre-
charge density of 9.QuC/cn?. The stock solution has a con- gates to the light scattering intensity. The coagulation half
centration of 2.5& 10'® m™3. time is the time where the total particle concentration is re-

The second latex was prepared at Granada University acluced by a factor of two. Further details can be found in Ref.
cording to a standard emulsifier-free polymerization method19].
using potassium persulphate as initiaf87]. The obtained The coagulation rate constants of the latices were deter-
raw latex particles, which are stabilized by sulfate groupsmined by combined evaluation of the simultaneously
were cleaned by serum replacement and ion exchange ovemeeasured static and dynamic light scattering dfEa.
mixed bed. Electron microscopy was employed to determin€2.15]. The change in the static light scattering
the particle radius and its coefficient of variation to be 2901 (q,0) [dI(q,t)/dt],_, as a function of the dynamic light
nm and 4.7%, respectively. The surface charge density iscatteringr,(0) [ dr,(t)/dt],_, at the samey value leads
2.4 uClen? [20]. The particle concentration in the stock to a linear relationship. The intercept of this curve contains
suspension is 6.3710'7 m™~3. Experiments with aggregat- the information about the rate constants and the slope is de-
ing suspensions were performed in M..KCI electrolyte so- termined by the hydrodynamic factor {Ir hyl/rhyz)*l from
lution and at a temperature of 25°C. Stable suspensionshich the hydrodynamic radius of the dimer particles can be
were prepared in 1M KCI. The water for the electrolyte determined. Therefore, both parameters can be obtained from
and latex solution was taken from a Millipore ion exchangethe fit with noa priori knowledge of the light scattering or
apparatus. the hydrodynamic properties of the particles.

The linear plots used to determine the absolute coagula-
B. Setup tion rate constants are shown in Fig. 1 for the 155 nm and the

, . 290 nm particles. For the fast coagulation rate constant, we
The measurements were performed on a f'ber'om'cs'btaink:(2.4i0.4)>< 10-%® m®s~!in the case of the 155

based _mulnangle mstrumept, where static and.dynamlc.; ligh m particles and=(6.9+0.6)x10"1® m3s ! in the case
scattering are performed simultaneously. Details for this de- .

) . ) . of the 290 nm patrticles.
vice and its performance are given elsewhg2é]. Using
single and few mode fibers from OZ Optics and photomulti-
plier tubes from Hamamats{iH3460-54 the scattered light
is simultaneously collected at nine fixed angles between 13° Reflection and background corrections of the setup were
to 134°. Two ALV-5000 correlator boards, which can recorddetermined from static light-scattering experiments on stable
two independent correlation functions with 128 channeldatex particle suspensions. The results were analyzed with a
each, were used to perform dynamic light-scattering meanonlinear fitting procedure, which involves the form factors
surement at four angles simultaneously. As the light sourcef monomers based on the Mie thed®F] averaged over a

D. Static light scattering
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FIG. 2. Monomer form factofdimensionlessplotted as a func-
tion of scattering anglédegrees The experimental dat@ymbolg
were measured in a stable suspension and are compared with the

of the hydrodynamic radius,(g,0) " *[dr(q,t)/dt],_o. The solid . . . . .
line is the best li ion fit and the dashed line th té)dast fit using Mie theory for a polydisperse mixture of spheres
ne 1S the hest near regression it and fe cashed ine e expec (solid line). Particle radiuga) 155 nm andb) 290 nm.

linear relation for the theoretical values of the hydrodynamic radius
r,/r,=1.38. Particle radiuga) 155 nm andb) 290 nm.

FIG. 1. Initial rate of change of the static light-scattering inten-
sity 1(q,0)~Y{dI(q,t)/dt],_ o is plotted vs the initial rate of change

Gaussian distribution of polydisperse spheres. In order tg The best fit results are compared with experimental data
. o 2 > .In Fig. 2 for both f particles. Pol rene h refrac-
obtain a quantitative description of the experimental data, |{ g. 2 for both types of particles. Polystyrene has a refrac

. - . ive index of 1.596 and very weak absorption in the optical
was necessary to introduce a reflectivity correction of the . . L .
form regime. In water we thus obtain a real refractive index ratio

of m=1.20. For the smaller latex, the fitted radii and poly-
dispersities are 155 nm and 3.0%. These values compare
favorably with the corresponding results from TEM being
155 nm and 2.8%. For the larger latex, from static light scat-
wherel’(6) andl () are the corrected and uncorrected scattering we obtain for the corresponding values 291 nm and
tering intensities as a function of the scattering artg@dp 3 89%. These values are also in satisfactory agreement with
is the reflection coefficient of the interface between the CO'TEM, which gives 290 nm and 4.7%. The fitted reflection
loidal suspension and the scattering cell. The reflection Corzqetficient turns out to bp=0.19+0.02 in both cases. This
rection has two equal contributions. The first Comr'bm'or‘%/alue is significantly larger than the theoretical reflection co-

comes from the reflected primary beam from the front side of¢5ient of 0,06 for a water-glass interface. The larger ex-

the light-scattering cell. This reflected beam also induces _ . . . : - :
scattering into the detector. The second contribution origi-pe”memal reflection coefficient is not surprising since the

nates from the scattered light, which is reflected on the Op[|ber—opt|cs-based multiangle instrument was not designed to

posite side of the detector. All other reflection contributions™nimize residual stray light and the beam stop of the pri-
are of higher order. mary beam may still cause some additional backreflection.

1'(0)=1(6)+2p?(180°— 0), (3.1
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IV. RESULTS AND DISCUSSION

A. Dimer form factor 10° ry=155nm (a)
As described in the methods section, a combined evalue
tion of the static and dynamic light-scattering data allows the
determination of the coagulation rate constant independent «
any light-scattering and hydrodynamic theories for the
dimer. Based on the rate constant determined in this way, th
quantity 1,(q)/[21,(q) ] P»(g)/P1(g) can be evaluated by
using either Eq(2.12 for the static light scattering or Eq.
(2.14) for the dynamic light scattering. For the dynamic mea-
surementgcf. Eq. (2.14], the hydrodynamic factary, 1 /ry, » 10° ¢
has to be considered, which is determined from the experi N L .
ments. Together with the experimentally determined form 30 90 150
factors of the monomem8,(q), the form factor of the dimers Angle
P,(q) can be measured, in principle, up to a multiplicative
constant. This constant corresponds to the ratio of the sca
tering powers for the doublet and the monomer
I,(0)/[214(0)]. However, for the systems investigated the
experimentally accessible quantity(q)/[211(q)] oscillates 10°
as a function ofg and its extrapolation t@—0 is very
difficult. In practice, therefore, the constan{0)/[21,(0)]
cannot be measured with acceptable accuracy and the do
blet form factor P,(gq) can only be determined up to an
unknown proportionality constant.

The experimental results for the doublet form factors
P,(q) are compared with the prediction based on the moda
analysis including polydispersityMAP) in Fig. 3 for both
particle sizes. The unknown proportionality constant was ad
justed for optimal overlap between experimental data ant
theory. One observes no systematic discrepancies betwe . : : : :
the form factors obtained by static or dynamic light- 30 90 150
scattering measurements. This means that the angular depe Angle
dence of both signals is governed by the same factor and tf
coincidence between both detection methods provides an in-
dependent confirmation of the present analysis. The theoret- FIG. 3. Dimer form factor(dimensionlesgplotted as a function
ical prediction was calculated using the MA, which includes©f scattering anglédegrees The experimental data are derived
averaging over all possible doublets taken from independerfom static (&) and dynamic ) light-scattering experiments in
Gaussian distributions with the appropriate polydispersityne éarly stages of an aggregating suspension. Solid line is the cal-
The reflectivity correction was incorporated using Eg1)  culation based on modal analysis including polydispersiAP).
and the reflectivity coefficient taken from the appropriate”2icle radiuga 155 nm andb) 290 nm.
measurements of the monomers. The agreement between
theory and experiment for the 155 nm patrticles is very good,
while for the 290 nm particle the agreement is inferior but Following Eg. (2.195 the hydrodynamic radius of the
still satisfactory. In the Appendix it is shown that the pres-dimer particles can be obtained from the slope of the linear
ently developed analysis can be simply extended to the polyfit. In Fig. 1(a) the experimentally determined dimer radius
disperse situation by using the form factors averaged ovefor the smaller latex particles, ,/ry, ;=1.43+0.09 is com-
the size distribution of the particles. pared with the theoretical prediction of ,/r, ; (dotted ling,

Figure 4 compares various theoretical predictions of thevhich was calculated by the method of reflecti@1] and
doublet form factors. The doublet form factor calculated byturns out to bery, ,~=1.38Xr, ,, if the two spheres are not
modal analysis including polydispersitiMAP), which was free to rotate. Discrepancies to the theoretical predictions are
shown in Fig. 3, is now displayed without the reflectivity more pronounced in the case of the 290 nm particles, where
correction. One observes some effects of the polydispersityye findr, ,/r,, ;= 1.15+0.02 with a error much smaller than
as revealed by comparing with the result of the modal analythe error of the hydrodynamic ratio for the 155 nm patrticles.
sis for a monodisperse samgMAM ). The latter calculation Therefore, only the value for the larger particles differs sig-
was verified with the discrete dipole approximation. In thisnificantly from the theoretical radius ratio, whereas this the-
calculation, each sphere was discretized intax32x32 el-  oretical value is within the error interval for the smaller par-
ements into each direction. The results obtained from MAMticles. This trend, agreement between the theoretical and
and DDA agree rather well. Comparable agreement betweeexperimental hydrodynamic dimer radii for small particles,
these two methods was reported previol8§]. Clearly, the and disagreement for larger particles, was already observed
classical RDG approximation fails in this regime entirely. earlier for 215 nm sulfate latgX 9] and 683 nm sulfate latex

102 |

Dimer Form Factor

r,=290nm (b)

Dimer Form Factor

B. Dimer hydrodynamic radius
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to determine the form factor of dimers from submicron latex
(a) particles. The experimentally determined dimer form factors
were compared with theoretical predictions of this quantity.
Such predictions were based on the modal analysis for the
polydisperse(MAP) and monodisperse situatiofMAM ).
The modal analysis of monodisperse particle doublets was
cross-checked using the discrete dipole approximation. The
experimental observations were in satisfactory agreement
with the theoretical predictions for both particle sizes exam-
ined. The present results thus confirm the appropriateness of
/ recent computational schemes of the scattering of electro-
{ magnetic radiation in the optical regime.

Dimer Form Factor
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APPENDIX

For a polydisperse suspension of primary particles, the
evolution of the monomer and dimer particles at the early
stage of the coagulation process can be described by the
evolution equation

dN;(r,t)
o

Dimer Form Factor

mk(r,r’)Nl(r,t)Nl(r’,t) dr’, (A1)
0

dNZ(r1r,’t)_l ’ 4
g~ KON ON( ), (A2)

FIG. 4. Various calculated dimer form factofdimensionless ~ WhereN(r,t) is,the number density of monomers of radius
plotted as a function of the scattering angtiegrees The modal ~ at timet, N(r,r’,t) IS the’ number d(?nS|ty of dlmerS formed
analysis including polydispersityMAP) is compared with the re- Of monomers of radir, r’, andk(r,r') the coagulation rate
sults of the modal analysis for a monodisperse susperisiéiM ). constant Of. monomers of_smeandr_’. .
The latter result is very close to the calculation based on discrete In a static light-scattering experiment, the scattered light
dipole approximation. All these form factors deviate substantiallyintensity from a dilute polydisperse suspension is given by
from the Rayleigh-Gans-Debye theory. Particle rad@sl155 nm
and(b) 290 nm. *

( ) I(q1t):j0 Il(r7q)Nl(r1t) dr

[20]. From the theoretical point of view the hydrodynamic o

rad_ius ratio should be_ independent of the patrticle size, and no +J' f L(r,r',q)Ny(r,r',t) dr dr’, (A3)
satisfactory explanation of this discrepancy could be found 0o Jo

so far.
wherel ,(r,q) is the scattered intensity of a monomer of size

V. CONCLUSION r andl,(r,r’,q) the scattered intensity of a dimer composed
of particles of size andr’.
Time-resolved simultaneous static and dynamic light- Taking the derivative with respect to time, the initial
scattering experiments in aggregating suspensions enable cisange in the light scattering intensity can be expressed as

1(9,0)

1 |dl(qg,t) o “1( [w [ L(r.r'.q)
[ ith LH:“O N1(r,0)14(r,q) dr} Ho JO N, (r,0)N(r’,0k(r,r") %—h(r,q)} dr dr’].

(A4)

This expression can be simplified for suspensions with low polydispersities as considered here. In this case, the distribution of
the particlesN,(r,0) is rather sharply peaked at the average radiué slowly varying function inside the integral, such as
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k(r,r'), can be approximated by a constant and evaluated at the averageﬁ@msthe other hand, a rapidly varying or

oscillating function such als (r,q) orI,(r,r’,q) must be kept inside the integral. Making this type of approximation (/)
can be simplified to

1 {dl(q,t)} T (A5)
t—0

1(q,0| dt

Ta(q) 1]
L2ty )

where k = k(r,r), Ng=JgNy(r,0) dr is the total number of monomers, WhiIE(q) andl_z(q) are the number averaged
scattering intensities of the monomers and doublets, respectively. These quantities are given by

— 1 *
q)—N—J0 N1(r,0)14(r,q) dr (AB)
and
2<q>——ff Na(r 0N (1" 0)15(r,r ) dr dr". (A7)

Note that Eq.(A5) has precisely the same structure as @ql2 derived for a monodisperse suspension.
In the case of dynamic light scattering, the averaged diffusion coefficient determined from the first cumulant is given by

-1 o
Dav<q,t>=“ |(F Q)N rt)dr+Jf N (r 1" t)} UO D1()12(r, @Ny(r 1) dr

+fwmez(r,r’)lz(r,r’,q)Nz(r,r’,t) dr dr’}, (A8)
0 0

whereD(r) is the diffusion coefficient of monomer of sizeandD,(r,r’) the diffusion coefficient of a dimer consisting of
monomers of siza andr’. Using the Stokes-Einstein relation f@,/(q) we obtain the initial rate of change of the
hydrodynamic radius,(q,t) by taking the time derivative of EQA8):

1 drh(q,t) -1 [ ( I’)
rh(q,O)[ dt LO U 1(r.0)D(r)l4(r, q)dr} H f 1(rONy (1" O)K(r,r") L(r,r’,q)

o “1( fw [
—Dl(r)ll(r,q)} dr dr’]—[fo N4 (r,0)14(r,q) dr} [jo Jo N4(r,0)N4(r’,00k(r,r")

X %Iz(r,r’,q)—ll(r,q)} drdr’]. (A9)

The same argument, which has led us from &qt) to Eq.  were defined above. Again, EGA10) has the same structure

(A5), can be applied to EqA9). Thereby, we observe thatin as its analog E¢(2.14) derived for a monodisperse suspen-

addition to the functiork(r,r’) the functionsD,(r,r’) and  sion.

D,(r) are slowly varying as well. In this case, we obtain Equations(A5) and (A10) govern the initial changes of
the static and dynamic light-scattering signals for an aggre-
gating suspension of particles with a small but finite polydis-

1 ([dry(q,t) N rhl 1 I_z(q) persity. In these equations, the polydispersity_effect enters
ro(q,0) dt 0 No T h2 2I_1(q)' @Iy through the number averaged optical factbsgq) and
(A10) I »(g). Thus both modes of detection allow the determina-

tion of the same quantities. The agreement between these
o L two results in the polydisperse situation provides a further
wherer,/rp,=D,(r,r)/D,(r) and all other quantities indication of the correctness of the analysis given.
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