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Particle characterization using multiple scattering decorrelation methods:
Hard-sphere model system

Andreas Heymann, Christian Sinn,* and Thomas Palberg
Institut für Physik der Johannes-Gutenberg-Universita¨t, Mainz, Germany

~Received 12 October 1999!

Applying static light scattering experiments, we characterize colloidal particles that are used as model
hard-sphere systems in experiments investigating their crystallization kinetics. The particles comprise of a
compact core of poly~methyl methacrylate! and short polymer hairs grafted onto the surface. We use a contrast
variation procedure to determine the refractive index variation within the particles and observe that one
component of the binary mixture used as a solvent penetrates the particles and masks completely the small
polymer hairs. Making use of the determined refractive index variation, we obtain the average particle radius
and its polydispersity from measurements of the particle form factor close to its minimae. The scattered
intensity has been corrected carefully for multiple scattering contributions applying dynamic light scattering

measurements with multiple scattering decorrelation. We obtain a mean particle radius ofR̄543564 nm and
a polydispersity ofs52.5%, a resolution that has not been achieved with light scattering experiments before.

PACS number~s!: 82.70.Dd, 06.30.Bp, 78.35.1c
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I. INTRODUCTION

Colloidal suspensions of particles with a pair-interacti
potential resembling very closely that of ideal hard sphe
are of strong interest for fundamental research@1#. Colloidal
hard sphere suspensions have been successfully applie
model systems in several studies dedicated to the phas
havior of condensed matter@2#, e.g., in the investigation o
crystallization kinetics@3,4,5,6,7#. They play a key role in
the debate of whether mode-coupling theory is well sui
for the description of the glass transition@8,9# and were used
in investigations of the influence of fluid structure on rhe
logical behavior@10,11#.

For these investigations, it is crucial to know the radius
the particles under study with high accuracy. In addition
has become clear recently from computer simulation stu
that the particle size polydispersity has a strong influence
the phase boundaries. Bolhuis and Kofke@12# report a strong
increase of the freezing and melting concentration, resp
tively, with increasing polydispersity, whereas Phanet al.
@13# observe an effect of polydispersity upon the crystall
packing fraction, thereby altering the equation of state in
rectly. Bartlett and Warren@14# report even reentrant meltin
of the crystalline phase for suspensions with considera
polydispersity.

A hard-sphere interaction potential of colloidal particles
generally obtained by grafting short hairs of polymers o
the rigid particle surface, for which the surrounding fluid is
good solvent. When the hairy layers of two particles a
proach each other, a steep repulsion results due to the
energy of solvation. Besides this, a nearly perfect match
the refractive indices of the particle core and the solv
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strongly reduces the van der Waals attraction, as the term
the optical spectral region, which are dominant for nonaq
ous solvents, become negligible. Different approaches h
been used to prove that the colloidal systems under st
exhibit the wanted hard-sphere behavior@11,15#.

The present investigation is dedicated to core-shell p
ticles as described before, which we have used for the inv
tigation of crystallization kinetics@6,7,16#. As mentioned, it
is essential for these experiments to determine the par
size and polydispersity very accurately, which has to be p
formedin situ, as the removal of the suspending liquid wou
at least lead to a collapse of the polymer hairs on the part
surface. Different methods have been applied for this ta
e.g., the analytical ultracentrifuge@17# or single-colloidal-
particle tracking@18#. In the present contribution, we mea
sure the particle form factor with static light scattering~SLS!
experiments with high accuracy, applying a contrast va
tion procedure.

Contrast variation is very common for x-ray and neutr
scattering investigations@19#, where, e.g., the contrast can b
reverted by the exchange of hydrogen with deuterium. In
optical region, however, contrast variation is considera
less frequently applied, because it usually implies the
change of the solvent, which may strongly influence the s
tem under investigation. In addition, for concentrated s
tems, multiple scattering contributions come readily in
play, which can almost always be neglected in x-ray or n
tron scattering studies. A feasible possibility for optical i
vestigations is to suspend the particles in a binary solv
mixture, the composition of which can be altered. Th
method has been successfully applied by Philipseet al. @20#
for the characterization of coated silica spheres. Informat
about the particle structure may be obtained with this pro
dure even if the particles are small compared with the wa
length of the incident radiation and correspondingly sca
spatially isotropically@21#.

An accurate determination of the particle polydispers
/

813 ©2000 The American Physical Society
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814 PRE 62ANDREAS HEYMANN, CHRISTIAN SINN, AND THOMAS PALBERG
from SLS, however, requires a measurement of the par
form factor close to its minimae, where the scattered li
intensity is dominated by multiple scattering. Fortunate
modern techniques for the decorrelation of multiple scat
ing in dynamic light scattering~DLS! @22,23,24# enable also
a correction of the particle form factor for multiple scatteri
effects@6,25#. In the first part of our investigations, we de
scribed the application of multiple scattering decorrelat
for particle sizing@26#.

In this paper, we take advantage of a combination of b
techniques, i.e., contrast variation and multiple scatter
decorrelation, and apply a two-step procedure. We first
termine the refractive index variation within the particl
from SLS data that were obtained far off the zeros of
particle form factor. Three different solvent compositions a
used for contrast variation. Subsequently, we repeat
analysis applying the determined refractive index variat
and using all available data, corrected for multiple scatter
From this second step, we determine the final particle rad
and the size polydispersity. This two-step procedure allo
for an unrivaled precision in the determination of the parti
polydispersity.

The paper is organized as follows. We shall first summ
rize the formulas we need for the evaluation of our measu
ments. This will be followed by a description of the expe
mental procedure. We then shall describe the results for
refractive index variation within the particles, their radiu
and its polydispersity, and finish with a concluding discu
sion.

II. THEORETICAL CONSIDERATIONS

A. Form factor of core-shell particles and contrast variation
procedure

The light scattered by a colloidal suspension of identic
rigid, and spherical particles can be generally described

I ~q!5I 0Nub~0!u2P~q!S~q!, ~1!

whereI 0 is an optical constant,N is the number of particles
in the scattering volume, andq5(4pnM /l)sin(u/2) is ~the
modulus of! the scattering vector at scattering angleu; nM is
the refractive index of the suspending medium andl is the
wavelength of the light source in vacuum.P(q)
5ub(q)/b(0)u2 is the form factor of the particles, wherea
S(q) is the structure factor of the suspension, which co
prises of the interparticle interference of light. In what fo
lows, we assume noninteracting particles, that isS(q)51:

b~q!5E @n~r !2nM#exp~ iqW •rW !d3r ~2!

is the scattering amplitude of a single particle. The integ
tion is performed over the volume of the particle, which m
be optical inhomogeneous. We here restrict ourselves to
fractive index variationsn(r ) of spherical symmetry. If the
integration is performed for an optically homogeneous p
ticle, the well-known Debye form factor results

P~q!5
9

~qR!6 ~sinqR2qRcosqR!2, ~3!
le
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with R the radius of the sphere and

b~0!5
4p

3
R3~n2nM !. ~4!

In this contribution, we are concerned with inhomog
neous spheres, the form factor of which may be convenie
expressed by using dimensionless profilesn(r ) as follows:

n~r !2nM5~n02nM !ne~r !1~nR2n0!n i~r !. ~5!

ne denotes the cutoff from the external shape of the parti
i.e., ne50;r .R andne51 ;<R, whereasn i describes the
variation of the refractive index within the particle. As b
fore, nM is the refractive index of the surrounding medium
nR5n(r 5R) is the refractive index at the particle surfac
andn05n(r 50) is the refractive index at the center of th
particle. For a core-shell particle with the shell thicknessd,
we haven i50;R,r<R2d and n i51;R2d,r<R. We
note thatn i may also be chosen to be a continuous variab
For future convenience, we define a scattering stren
B(q)5q2b(q)/4p, for which one obtains for core-shell pa
ticles

B~q!q5~n02nM !@sinqR2qRcosqR#

1~nR2n0!@sinqR2qRcosqR2sin~qR2qd!

1~qR2qd!cos~qR2qd!#. ~6!

The form factor for a given particle with fixedn0 andnR
changes significantly with the refractive index of the solve
nM as described by Eq.~6!. Corresponding calculations ar
shown in Fig. 1 forI (q)}B(q)2/q4 andB(q). Two isoscat-
tering points are indicated by circles; these reflect the s
tering from the shell only, where the contrast is with resp
to the core, which is unchanged upon varying the refract
index of the solvent. The numerical advantage of fittingB(q)

FIG. 1. Variation of the form factorP(q) of a core-shell particle
with the refractive index of the suspension medium,nM . The thick-
ness of the shell,d, and the refractive index of core and shell,n0

and nR , respectively, are kept constant.I (q)}P(q) denotes the
scattered intensity, whereasB(q)}b(q)q2 ~both plotted in arbitrary
units!. Dark solid curve,nM.n0 ; dark broken curve,nM'n0 ; light
broken curve,nM5n0 ; light solid curve,nM,n0 .
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PRE 62 815PARTICLE CHARACTERIZATION USING MULTIPLE . . .
to experimental data is a reduction of their dynamic range
compared withb(q). For the reader’s convenience, we no
that B(K) in Ref. @20# equals ourb(q).

B. Polydispersity

Up to now, the scattered light has been assumed to o
nate fromN identical particles with form factorP(q) each.
However, every colloidal sample exhibits a certain amo
of polydispersity, meaning that the particle radii are distr
uted about the mean radiusR̄ with a significant spread. In
this case, the scattered intensityI poly(q) can be obtained
from

I poly~q,R̄,s!5NE
0

`

I mono~q,R!p~R,R̄,s!dR, ~7!

where I mono(q,R) describes the scattered intensity from
single particle with radiusR. p(R,R̄,s)dR denotes the prob
ability to find an individual particle radiusR and depends on
the mean radiusR̄ and the widths of the distribution; even
further parameters may be needed to describe the distribu
completely. A reliable method for the determination of ar
trary particle size distributions has been demonstrated
Schnablegger and Glatter@27#. We note that approaches u
ing Eq. ~7! neglect optical polydispersity, i.e., the refractiv
index variationn(r ) is independent from the particle size.

An analytical solution@28# of Eq. ~7! using Eq. ~3! is
known for the unimodal gamma or Schulz@29# distribution,

p~R,R̄,s!5
exp~2aR/R̄!

~R̄s2!aG~a!
Ra21

with a5s22; s5s/R̄. ~8!

The result reads in our notation

P~x,s!5
9G~a!

2x6s12G~a16!
$@12C cosX#22xC11s2

3sin~X1Xs2!1x2~11s2!@11C112s2

3cos~X12Xs2!#%, ~9!

where x5qR̄, X5a arctan(2xs2), and C5(1
14x2s4)2a/2; b(0)5(4pR̄3/3)(n2nM).

Equation~9! is drawn in Fig. 2 using three different poly
dispersity indicess. A finite polydispersity manifests itsel
not only in finite scattering intensity at the zeros of the fo
factor for monodisperse suspensions, but also by an incr
ing shift of the minimae of the scattered intensity with i
creasing polydispersity. We note without proof that the sa
is true for inhomogeneous spheres.

We use Eq.~9! in this contribution for reference purpose
only, because it is already complicated to fit to experimen
data for homogeneous spheres. For our inhomogene
spheres, we approximate size polydispersity by a simple
modal distribution according to
s

i-
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l
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i-

p~R,R̄,s!5Cd@R̄2s#1~122C!d@R̄#1Cd@R̄1s#.
~10!

The undetermined constantsR̄, C, ands are chosen such tha
the moments of this discrete distribution equal those o
Gaussian. From symmetry, it is obvious that both means
identical. Equating the second moments yieldss2/R̄2

5s2/2C, wheresR̄ is the standard deviation of the Gaus
ian distribution. Finally, we obtain from the forth momen
C5 1

6 , and correspondingly

I poly~q,R̄,s!5
1

6
NImono~q,R̄2)sR̄!1

2

3
NImono~q,R̄!

1
1

6
NImono~q,R̄1)sR̄!, ~11!

which is used in our fits. Calculations for homogeneo
spheres show that Eq.~11! does not significantly differ from
the exact result, Eq.~9!, for polydispersity indicess below
approximately 5%. The use of this simplified formula e
ables us to take into account an arbitrary refractive ind
variation that has not been specifieda priori.

III. EXPERIMENTAL DETAILS

A. Sample preparation

In this contribution, we employ particles that have be
synthesized by Underwoodet al. @30# ~SMU28!. They are
comprised of a core of poly~methyl methacrylate! ~PMMA!
with approximatelyR5440 nm, onto which chains of poly
~hydroxy stearic acid! ~PHSA! are grafted by a chemical pro
cess@31#. These chains have a length of approximately
nm @11#. As an index-matching solvent, we use a suita
chosen mixture of decahydro-naphthalene~DHN, isomeric
mixture! and 1,2,3,4-tetrahydro-naphthalene~THN!, both
supplied by Merck, Germany. The index match point is
cated at approximately 35% THN content by volume.

The samples in this study are simply prepared by mix
a suitable volume THN (VT) with DHN (VD). We useFT

FIG. 2. Particle form factorP(q) as a function ofqR. Parameter
is the polydispersity indexs. The curves are calculated from Eq
~9!.
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816 PRE 62ANDREAS HEYMANN, CHRISTIAN SINN, AND THOMAS PALBERG
5VT /(VD1VT) as the specification of THN concentratio
Note that the denominator may deviate from the total volu
after mixing. A few drops of a suspension of the particles
DHN are subsequently added to the solvent mixture. T
measurements in this investigation were all performed at
ticle volume fractionsf50.05– 0.5 %.

Figure 3 shows the refractive index of the solvent mixtu
as a function of THN contentFT at two different wave-
lengths. The data were obtained using an Abbe refractom
without an Amici direct-sight prism. The white-light sourc
was equipped with suitable interference filters (Dl
55 nm). From these data, we determinenM , which is fixed
in the fitting procedure described subsequently.

B. Decorrelation of multiple scattering

In this contribution, we take advantage of the two-co
cross-correlation scheme for the suppression of mult
scattering, which has been already described in de
@22,23#. Therefore, we give here only a concise descript
of its working principle. Multiple scattering contributions t
temporal correlation functions can be decorrelated by cr
correlating the temporal fluctuations of two simultaneou
performed, geometrically different scattering experime
that share a common wave vectorqW and the same scatterin
volume. Details may be found in Ref.@32#. In the case of the
two-color scheme, the independent experiments are rea
by two different laser wavelengths and a narrow bandwi
filter in front of the respective detector. Usually, a multilin
Ar1 laser is employed, using the mainl5488.0 nm andl
5514.5 nm wavelengths. The results we report here w
obtained with the original setup in Kiel@22#. There, a Ko¨ster
prism with a dichroic layer was used to separate the incid
wavelengths, which has been replaced by a dispersion p
in contemporary setups owing to difficulties with the d
chroic layer @23#. Our results, however, are not prone
these problems. The cross-correlation functions were
corded using the ALV-5000 correlator.

The normalized intensity cross-correlation functi
g12(t) can be written in the homodyne limit as

FIG. 3. Refractive index of different DHN/THN mixtures as
function of compositionFT , the volume fraction of THN. Mea-
surements were performed atl5488 nm ~open dots! and l
5515 nm~solid dots!. Drawn lines are linear fits.
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g12~t!5
^I 1~0!I 2~t!&

^I 1&^I 2&
511bdecbopt~q!u f ~q,t!u2, ~12!

wherebdecbopt is the intercept of the cross-correlation fun
tion. f (q,t) is the so-called intermediate scattering fun
tion and represents the sample fluctuations. If a mono
perse suspension of spheres is assumed,f (q,t)5exp
(2Dq2 t), whereD is the diffusion coefficient of the colloi-
dal spheres. The intercept is given by a product of two c
tributions. bdec is the ratio of singly to total scattered ligh
intensity, that isbdec5(I 1

(s)I 2
(s))/(I 1I 2); the subscripts denote

the different detectors.bopt is an apparatus constant, whic
is, unfortunately, an unknown function ofq in the case of the
dual-color experiment@23#. The angular variation ofbopt(q)
has to be measured, therefore, with the aid of a refere
sample. Hence, the singly scattered light intensity is obtai
as

I ~s!~q!5@ I ~q!/I ref#@bdecbopt~q!/b ref~q!#1/2. ~13!

As reference, we use a dilute sample of polystyrene la
spheres of radiusR512 nm. This sample can be assumed
exhibit no multiple scattering (bdec51). In addition, its form
factor is angularly independent, leading to an angularly
variant light scattering intensityI ref that is used to correct fo
small misalignments of the apparatus.bdecbopt(q) is deter-
mined from the extrapolationg12(t→0) using a single-
exponential approximation forf (q,t).

The procedure is exemplarily shown in Fig. 4. In Fig. 4~a!
experimental points are shown without and with correct
for multiple scattering using Eq.~13!, denotedI (q) and

FIG. 4. Demonstration of static light scattering correction f
multiple scattering contributions.~a! Top, I (q), measured intensity
data, which contain multiple scattering contributions.I (s)(q), sin-
gly scattered light intensity as obtained by the correction proced
described in the text.~b! Bottom, bdec, squared ratio of singly to
totally scattered light as obtained from a dynamic light scatter
experiment. The sample volume fraction wasf5531024, the sol-
vent was pure DHN (FT50). Drawn lines are guides to the eye
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PRE 62 817PARTICLE CHARACTERIZATION USING MULTIPLE . . .
I (s)(q) respectively. Figure 4~b! showsbdec that is used to
correct for multiple scattering present in Fig. 4~a!. We note
that we use theq scale corresponding tol5514.5 nm. Ifs
would be determined from the first form factor minimum
I (q), a value of s54.2% resulted, as compared tos
52.5% determined fromI (s)(q) ~see below!. This illustrates
the importance of multiple scattering corrections for the
termination of small particle polydispersities.

In the subsequent evaluation, we further correct the int
sity data for sedimentation during the measurements, wh
may last up to two days. In addition, we normalize the d
by the particle volume fraction, which is necessary in ord
to fully exploit the contrast variation technique.

IV. RESULTS AND DISCUSSION

A. Variation of the refractive index within the particles

The scattered intensity corrected for multiple scatter
contributions as a function ofq was determined using thre
different THN concentrations: below (FT50.25, nM
51.4939), above (FT50.45, nM51.5081), and approxi-
mately at the index match point (FT50.35, nM51.5010),
respectively. In what follows, we fit these three data s
simultaneously, i.e., we fixnM at the experimentally deter
mined value and choose the remaining parameters such
they describe the three data sets equally well.

First, we determined the refractive index variation with
the particles. We already mentioned that the data can
fitted more easily when the experimental intensity data
converted intoB(q). The sign ambiguity after taking th
square root of the intensity is resolved by the following si
convention. We affix a positive sign to the data that belo
to small q and low THN content. At the zeros, we chan
sign. The data obtained from this procedure are shown
Fig. 5. Note that data close to the zeros are omitted, as
intend to neglect polydispersity in this first step.

FIG. 5. Contrast variation method for the determination of
refractive index variation within the particle. The scattered fie
B(q) is determined for three different compositions of the suspe
ing mediumFT5$0.25,0.35,0.45%. The solid curves are obtaine
by a global fit to the data according to the linear refractive ind
variation of Eq. ~14!. Note that the data close to the zeros a
omitted. For details see text.
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We expected to observe a step function for the refrac
index variation, comprising of the compact PMMA core (n
'1.49) and the thin PHSA layer (n51.476). Accordingly,
we choose a step function forn i and fitted the data shown in
Fig. 5 to the form factor calculated correspondingly.

To our surprise, only a step function with ahigher refrac-
tive index in the shell could reproduce our data. Note t
this is already visible without fit from the isoscattering fixe
points with our sign convention in mind. We interpret th
observation by an imbibition of THN into the particle cor
which rises the refractive index within a certain shell ov
the value of PMMA. This effect is similar to that observe
for the same kind of particles in a binary mixture of DH
and CS2 @33#.

Having established a refractive index variation caused
the penetration of THN into the particle core, there is
reason for preferring the step function over competing va
tions. Accordingly, we fitted our data to a refractive ind
profile that is similar to that resulting by a solvent diffusio
process into the particle. However, when we tried seve
different fitting functions, it turned out that the goodness
the fit depends mainly on the number of fit parameters
not on the chosen refractive index profile@6#. This means
that we cannot specify a unique refractive index profile t
describes the smooth decrease of the refractive index tow
the particle core. For simplicity, we prefer to use the line
function

n i5H 0 ;R,r<R2d

12
R2r

d
;R2d,r<R.

~14!

A fit to the data shown in Fig. 5 yields the parametersR
5443 nm, d5202 nm, n051.4924, andnR51.5069. For
comparison, a few of the modeling functions are shown
Fig. 6 with thex2 from the respective fit specified in arb
trary units. Note that the diffusion model and the line
variation fit the data equally well.

-

x

FIG. 6. Radial variation of the refractive indexn(r ) within an
individual particle, as obtained from the fitting procedure as
scribed in the text. Dashed curve, step function (x25123); dotted
curve, diffusion model (x2526); solid curve, linear model (x2

537) as used for the final results.
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This result indicates that the hairy layer, which is respo
sible for the hard-sphere behavior of the particles, does
contribute significantly to the static data owing to the ov
whelming effect of the strong refractive index variation as
result of the penetration of THN into the particle core.
addition, it remains unclear whether this layer is visible at
in an optical experiment, as the thin hairs extend into a s
vent of almost the same refractive index. There are, howe
experiments reported where the hairy layer has been
served with expected extension@34,11#.

We performed corresponding measurements with sim
particles at a subsequent instants of time after their first
posure to THN. With a diffusive penetration kinetics and
square-root temporal behavior in mind, we can estimat
time constant of the order of 103 mm2/day. Whereas this
large time constant means that the particles are optical in
mogeneous over the whole experimental time scale~from 1 h
to a few years!, we conclude at the same time that our e
periments were performed in a stationary regime. For a
ferent approach, compare Ref.@11#.

B. Particle radius and size polydispersity

Following the same line of data evaluation, we now
clude also the data close to the form factor minimae in the
Again, the data are globally fitted to the measured form f
tors for three different solvent compositions. For polyd
perse systemsb(q) and correspondinglyB(q) cannot be de-
fined unambiguously. We therefore useI (q)q4 for the fitting
procedure, which is proportional toB(q)2 for a single par-
ticle. As there are no zeros left for polydisperse syste
intensity data suffice anyway.

We apply the trimodal particle radius distribution accor
ing to Eq.~11!, which is used together with the linear refra
tive index variation as described in the preceding section
the calculation of the form factor. We take the paramet
from the preceding section as start parameters, and rel
with every fitting step an additional fit parameter, until in t

FIG. 7. Determination of the polydispersity. The scattered int
sity I (q)q4}B(q)2 is determined for three different composition
of the suspending mediumFT5$0.25,0.35,0.45%. The solid curves
are obtained by a global fit to the data. A trimodal particle dis
bution according to Eq.~11! has been assumed. In addition, t
linear refractive index variation according to Eq.~14! has been
used. In contrast to Fig. 5, every data point has been included in
analysis. For details see text.
-
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last step every fit parameter is varied. This procedure is n
essary, because the fit is now delicate owing to the abse
of sign changes inB(q). The result is shown in Fig. 7. We

obtain the following fit parameters:R̄543564 nm, s
52.5%, d5213 nm,n051.4941,nR51.5064.

This is our final result for the characterization of the pa
ticles under study. We note that the mean radius is sligh
smaller than the one determined in the preceding sect
This is easily understood, because the larger particles sc
stronger and dominate therefore in an evaluation, wh
polydispersity has not been accounted for.

The particle radius can be determined very sensitiv
from the position of the Bragg peaks of crystallizin
samples. The sample concentration has been determine
dependently by sedimentation experiments following Pau
and Ackerson@15#. We obtainedR544562 nm @6#, which
agrees perfectly with the previous value taking into acco
the thin hairy layer of approximately 10 nm, which is invi
ible in SLS.

We also evaluated the cross-correlation functions
tained by DLS in order to obtain the particle radius. Unfo
tunately, we could not obtain agreement with the radii
ported above. The result wasR'460 nm, a value that is
significantly too high. The viscosity of mixtures of DHN an
THN with different composition was determined indepe
dently using an capillary viscosimeter. However, DHN its
is a mixture of two isomeric species, the respective conc
tration of which is unknown and may vary from batch
batch. The viscosity of the pure DHN isomers differs
50%. Thus, we attribute the lack of correspondence of
DLS and SLS data to the viscosity of the solvent, which h
obviously not been determined with sufficient accuracy
point which needs further clarification.

V. CONCLUDING REMARKS

In conclusion, we shall give some comments on the re
tion of the present contribution with earlier work dedicat
to the measurement of polydispersities of colloidal susp
sions by light scattering methods.

In extension to the thorough investigation by Philip
et al. @20#, we could analyze our data to obtain the~small!
polydispersity of our particles. This was only possible
correcting the light scattering data for multiple scatteri
contributions. In addition, with our method we do not rely o
an a priori defined refractive index variation within the pa
ticles. Instead, we can even determine the refractive in
variation independently.

The determination of small polydispersities from SL
presented here should be compared with the compe
method by DLS, which has been used by Pusey and
Megen@35#. They determine the apparent radius of a coll
dal sample by DLS as a function ofq. Close to the particle
form factor minimae, the apparent radius~or the inverse dif-
fusion coefficient! exhibits a dispersionlike behavior. A
small q, where the form factor of the larger particles is l
cated, the measured radius is dominated by smaller parti
and vice versa. This way, the particle form factor scans
size distribution. The difference between minimal and ma
mal radius of the dispersionlike curve is 2s'2sR̄. In their
paper, Pusey and van Megen demonstrate this metho
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work with a suspension of index-matched PMMA particl
very similar to ours, and obtained a polydispersity ofs
56%. No multiple scattering correction was applied to th
data, which would be, however, a readily performed ext
sion to their work.

We estimate the upper limit of their polydispersity dete
mination to be comparable to ours. If the polydispersity
most completely washes out the modulation of the part
form factor, only a lower bound for the polydispersity can
determined. This may occur aboves'10% ~compare Fig.
2!.

The lower limit of their method, however, differs from
ours and is given by the accuracy of DLS linewidth measu
ments, which can be hardly better than63%. Frequently, the
measurements differ even by65% @26#. This fact limits the
measurable polydispersity tos.3%. Note that this is an
optimistic view. If multiple scattering decorrelation is a
plied, the count rate in the form factor minimae might rema
comparatively high, but the number of correlated counts
come excessively low, thereby strongly reducing the int
cept of the cross-correlation function and hence the accur

The evaluation we performed in this contribution is n
prone to these problems. The intensity correction is o
needed with moderate accuracy, because the scattered i
sity at the form factor minimae depends strongly on polyd
persity ~cf. Fig. 2!. In addition, we fit several data point
from different particle form factors simultaneously. Thereb
we estimate our lower limit of polydispersity resolution
approximatelys51%.
he
s

nd

ta
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In conclusion, we have fruitfully exploited the amount
information present in SLS data. The procedure we int
duced in this contribution imposes no severe restrictions
the data quality and yields reliable values for small polyd
persities, provided that the intensity data are carefully c
rected for multiple scattering. Polydispersity is an importa
parameter as far as crystallization experiments are c
cerned. We determine a very small polydispersity of the p
ticles we use, which strongly favors the use of these partic
for crystallization experiments. On the other hand, we o
serve that the organic solvents slowly and selectively p
etrate the particles, which has been reported already fo
different solvent mixture. This effect has to be taken in
account properly for precise optical investigations. The p
cedure we introduced here is capable to determine this ti
dependent penetration of solvents into colloidal partic
with high accuracy and may therefore be applied also
different systems.
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