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Dynamics of core-shell particles in concentrated suspensions
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The dynamics of soft colloidal particles in a concentrated suspension was studied by two color dynamic light
scattering. The short-time diffusion coefficient,Ds(q), revealed a weak slowing down around the peak ofS(q)
in contrast to the much stronger dependence observed in hard sphere systems, and the absence of any slowing
down in ultrasoft diblock micelles. The low-q limit of the diffusion coefficient,Ds(q50), reflecting the
cooperative nature of the dynamics was found to decrease from its dilute limit value in contrast to the weak
increase observed in hard sphere systems. The behavior ofDs(q) reflects distinct polymer-layer-induced
hydrodynamic effects present in concentrated suspensions of core-shell particles.

DOI: 10.1103/PhysRevE.69.042401 PACS number~s!: 82.70.Dd, 83.80.Hj
ica
s
t

la
ac

n

w

he
p

f

a
e
an
es

po
dy
th

le
i

,
b

fu-

r-
en-

lica

and
n-
sus-
es

ft-
a

e to
y-

en-
t
ion

ar

ut
ain
he
ft-
d

on-
tion
A considerable amount of experimental and theoret
work has been done in an effort to understand the physic
concentrated colloidal suspensions and more specifically
interrelation between the structure and the dynamics@1#. For
hard sphere systems extensive experiments support to a
extent the theoretical predictions for the static structure f
tor and the hydrodynamic interactions~HI! which affect the
short and long time dynamics of Brownian particles@1#. It is
well verified by now that in concentrated colloidal suspe
sions ~of hard and charged spheres! the relaxation of the
intermediate scattering function,f (q,t), deduced from the
normalized intensity correlation function,g(2)(q,t)
5^I (q,t)I (q,0)&/^I (q)&2511bu f (q,t)u2, which is mea-
sured in a dynamic light scattering experiment, slows do
near the peak of the structure factor,S(q) @1–4#. This effect
is reminiscent of the so-called ‘‘de Gennes narrowing’’ of t
quasi-elastic energy spectrum in neutron scattering by sim
fluids in the region of the peak ofS(q) @5# and was also
observed in ordered diblock copolymers@6#. It essentially
reflects the fact that the strong fluctuations for values oq
corresponding to the peak ofS(q) will take longer to decay
than the weaker fluctuations away from the peak.

For soft spheres, however—especially for core shell p
ticles with a soft polymer coat—the question whether ther
such a slowing down of the dynamics around the peak
how interparticle interactions affect it still remains. Studi
in suspensions of charged colloidal particles@1,7–10#, which
are effectively described by a soft repulsive interparticle
tential, have shown that there is a slowing down of the
namics near the peak that compare reasonably well with
oretical predictions @9#. More recently, the role of a
polymeric layer on the dynamics has been addressed@11# in
concentrated suspensions of ultrasoft diblock micel
There, the polymeric layer is affecting the hydrodynamics
such a way thatD(q) becomesq independent. However
other studies in a similar system of ultrasoft particles
x-ray photon correlation spectroscopy~XPCS! have sug-
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gested that there is a slowing down of the short time dif
sion near the peak ofS(q) @12,13#.

In an effort to shed some light on the role of the polyme
mediated interparticle interactions we study here a conc
trated suspension of core-shell particles with a hard si
core and a tethered poly-~dimethylsiloxane! ~PDMS! soft
polymeric shell. More specifically we study theq depen-
dence ofD(q) in the regime around the peak ofS(q) and
thus investigate the interplay between thermodynamic
hydrodynamic interactions governing the relaxation of co
centration fluctuations in concentrated suspensions. In a
pension of hydrodynamically interacting colloidal particl
the effective short-time diffusion coefficientDs , determined
from the initial decay of f (q,t) according to Ds(q)
5(1/q2)limt→0@(d/dt)lnuf(q,t)u# is given by@1,14#

Ds~q!5D0H~q!/S~q!. ~1!

Here H(q) is the hydrodynamic factor andD0 (5kBT/ f )
the average ‘‘free particle’’ diffusion coefficient withf the
friction coefficient.

The PDMS-grafted silica particles were prepared by gra
ing hydroxy-terminated PDMS onto Stoeber silica from
suspension in diethylketone according to@15#. The particles
were dispersed in a 50-50 mixture of toluene and heptan
attain close to refractive index matching conditions. The h
drodynamic radius, measured by TCDLS in dilute susp
sions wasRH5196 nm with a size polydispersity of abou
8% as determined by the variation of the measured diffus
coefficient in the region of the first minimum of the form
factor @16#. The grafted PDMS chains had a molecul
weight, Mw5110 kg/mol and surface coverageG
51.5 mg/m2 creating a polymer coat with thickness of abo
20 nm~equal to the end to end distance of the polymer ch
according to the rotational isomeric state model for t
PDMS chain!. Thus, such particles are of intermediate so
ness between hard spheres~such as the sterically stabilize
PMMA particles! @1# and the ultrasoft diblock micelles@11#.
Here we present measurements from a 40% by weight c
centrated suspension which corresponds to a volume frac
©2004 The American Physical Society01-1
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of w50.30260.005 ~the error corresponds to an error
610 nm in the size of the core and65 nm in the shell
thickness!.

In order to eliminate multiple scattering effects whic
could not be avoided at high concentrations by refract
index matching we have used the technique of two co
dynamic light scattering~TCDLS! which utilizing a two-
color cross-correlation technique is able to suppress mult
scattering both in dynamic@17# and static light scattering
measurements@18#. The measurements were contacted at
TCDLS setup of the University of Edinburgh.

The inset of Fig. 1 shows theq dependence of the sca
tered intensityI (q) ~in arbitrary units! for a 0.1 wt. % (w
55.531024) sample together with representations of t
form factor according to the core-shell sphere model for t
different sizes~see the figure caption!. The experimental
I (q) cannot be fitted well in the totalq range by the form
factor of solid or core shell particles with reasonable valu
of refractive indices and dimensions. The fitting discrep
cies are mainly observed in the highq regime where there is
an excess of scattered intensity. The form and the minim
of F(q) of a core shell particle are very sensitive to t
refractive indices of the core, shell and solvent; hence
hydrodynamic radiusRH is a safer estimate of the overa
size of the particle.

Figure 1 shows theq dependence of the structure facto
S(q), in the concentrated (w50.3) sample. It was calculate
from the measured intensity in the TCDLS set up accord
to @18#:

S~q!5
fD

fC
bMSA 1

TBTG
A I BI G

I B,DI G,D
~2!

FIG. 1. Structure factorS(q) for a suspension withf50.3 as a
function of q measured by TCDLS. The lines correspond to t
Percus-Yevick prediction for hard spheres; the solid line co
sponds tof50.494 and the dashed line tof50.3. Inset: Form
factor F(q) as a function ofq, measured at a dilute suspensio
~with w50.0005). Predictions for polydisperse core-shell partic
with refractive indicesnc51.46 ~core!, nshell51.425 ~shell!, ns

51.44 ~solvent! for ~a! core radiusRc5250 nm, shell thicknessD
520 nm ~solid line! and ~b! Rc5180 nm,D520 nm ~dotted line!.
04240
e
r

le

e

o

s
-

m

e

g

Here I B , I G and I B,D , I G,D are the measured average sc
tered intensities from the concentrated and dilute sample
the blue~B! and green~G! laser beams, respectively.TB and
TG are the corresponding—in blue and green—transmiss
from the concentrated sample andfC , fD are the volume
fractions of the dilute and concentrated samples respectiv
Finally, bMS is the ratio of the single to the total scattere
intensity which is determined from the zero time value of t
correlation functiong(2)(q,t50) @18#.

The peak ofS(q) occurs at much higherqR values~with
RH5196 nm) compared to the Percus-Yevick~PY! approxi-
mation@1# for hard spheres atf50.3 ~dashed line in Fig. 1!.
It actually corresponds toqR53.55 which is very similar to
the PY prediction atf50.494~solid line in Fig. 1!. Although
the shape is reminiscent of that for highf’s in a hard sphere
suspension the amplitude of the peak is significantly low
and similar to that atf50.3. Moreover, the highq values
seem to reach a plateau which is much lower than that
pected, due to negligible positional correlations at very lo
length scales, value of 1. Such a discrepancy could be rel
with the large scattered intensity at highq’s measured in the
dilute sample. Finally, the lowq value ofS(q), related to the
osmotic compressibility@S(0)5kBT(]r/]P)T , with P the
osmotic pressure andr the number density#, is very small
implying a high degree of homogeneity at large leng
scales. Although such homogeneity would be expected
large effectivew’s ~.0.64! due to significant overlapping o
the polymer shells it is very difficult to envisage at volum
fractions of around 0.3. Another cause of such homogen
could be the presence of repulsive interactions due to
positive second virial coefficientA2 of the PDMS shell in the
solvent used. However, such an effect cannot lead to so
values ofS(0). More importantly one could reasonably su
pect that the form factorF(q) changes with increasingw due
to alterations in the shape and/or refractive index of the po
meric coat. Another complication arises from the fact that
measuredSM(q) andHM(q) from particles with internal op-
tical structures are in general different from the ideal pur
statistical mechanical propertiesS(q) andH(q) of optically
homogeneous spheres@19# and depend on both the size an
internal optical structure of the particles. The above com
cations render a quantitative assessment of the meas
S(q) ambiguous. The matter could be resolved by a com
nation of TCDLS or XPCS with small angle x-ray scatterin
where scattering from the polymeric layer would be neg
gible compared to that from the silica core and thusS(q)
would be unaffected by possible changes of the polyme
coat.

In contrast to the static structure factor the dynamics
unaffected by changes inF(q) or in the scattering condi-
tions. Hence, they directly reflect the relaxation of conce
tration fluctuations through the cooperative or self-diffusi
mechanisms. In Fig. 2 we show the intermediate scatte
function f (q,t) as a function ofq2t, for the concentrated
suspension (f50.3) at severalq’s and for the dilute suspen
sion at q50.026 nm21 ~dashed line!. Figure 2 reveals the
overall effect that the hydrodynamic and thermodynamic
teractions have on the dynamics off (q,t) as concentration
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increases. First one notes that the dynamics is slowing d
as the volume fraction increases. Then, comparingf (q,t) at
different q’s one observes an additional slowing dow
around the peak ofS(q). Moreover, the shape off (q,t) de-
parts from that of a single exponential; a weak slow mo
appears if the data are treated as a sum of exponential
high q’s the decay of f (q,t) scales withq2 reflecting a
q-independentDs(q). As the peak ofS(q) is approached the

FIG. 2. Intermediate scattering functionf (q,t) measured by
TCDLS for a suspension withf50.3 for several scattering wav
vectors:q50.0138 nm21 ~h!, 0.018 nm21 at the peak ofS(q) ~d!,
0.019 nm21 ~n!, 0.023 nm21 ~,!, and 0.03 nm21, ~!!. Inset:f (q,t)
at short times for the sameq to show the initial decay better. Th
dotted line shows the experimental correlation function for the
lute solution.

FIG. 3. Data of the normalized short-time diffusion coefficie
Ds(q)/D0(q) ~d! together with data for a hard sphere suspensio
w50.3 ~h! reproduced from Ref.@3# and theoretical prediction
~dotted line! according to Beenakker and Mazur@20#. The error in
our experimental data originates from the calculation of the ini
decay rate off (q,t). Inset:H(q) data calculated according to Eq
~1! using ~a! the experimentalS(q) ~j! and ~b! the theoretical PY
prediction forw50.3 ~d!. The dotted line corresponds to the the
retical prediction according to Beenakker and Mazur@20#.
04240
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scaled~by q2) decay of the correlation function become
slower with its slowest relaxation at the peak,qmax of S(q)
(q50.018 nm21). For q’s below qmax the decay of the cor-
relation function speeds up again. As shown in the inse
Fig. 2 the decay of lnf(q,t) is linear witht at short times and
is related with the short-time diffusion coefficientDs .

In Fig. 3 we show the ratioDs(q)/D0(q), whereDs(q) is
the q-dependent short time diffusion coefficient atw50.3
andD0(q) theq-dependent diffusion coefficient measured
a very dilute sample. The weak slowing down near the p
of S(q) is revealed by the shallow dip ofDs(q)/D0(q) ~by a
factor of about 20%!. Although not large, such a change
experimentally detectable due to the use of the TCDLS te
nique. In Fig. 3 we also show the experimental results fo
hard sphere suspension atw50.3 measured by Segreet al.
@3# together with the theoretical prediction of Beenakker a
Mazur @20#. Compared to the case of suspensions of h
@1–4# as well as charged spheres@7–10# theq dependence of
Ds(q)/D0(q) is much weaker in the present system while
was totally absent in suspensions of ultrasoft diblock m
celles@11#. The dynamics near the peak of the structure f
tor is very similar in the core-shell and hard sphere susp
sions. However, the suspension of the soft core-s
particles reveal significantly different dynamics compared
its hard sphere counterpart at the region away from the p
The cooperative diffusion coefficient at the lowq limit, re-
sponsible for relaxing the long wavelength concentrat
fluctuations, is almost half of its dilute limit valueD0 . Such
a decrease withw contrasts the weak increase observed
hard spheres systems@1,3# due to the increase of the thermo
dynamic force~or the osmotic modulus,@]P/]r#T) associ-
ated with concentration fluctuations. A similar effect w
also observed in concentrated suspensions of ultra
diblock micelles~see Figs. 3 and 4 of Ref.@13#! where both
the short time and the long time structural relaxation w
found to slow down withw ~the latter twice as strong com
pared to hard sphere suspensions!. In principal, size polydis-
persity may lead to a decrease ofDs(q→0) due to hydrody-
namic effects or to incoherent scattering leading to
additional mode inf (q,t) with dynamics relaxing through
the self-diffusion mechanism~which slows down with in-
creasingw @1#!. However, for a polydispersity of about 8%
both these effects have a minimal effect; the former give
rather low decrease ofDs and the latter a low amplitude o
the polydispersity mode. Hence, the decrease ofDs(q50)
reflects the distinct, polymer-mediated, interactions amo
core-shell particles at concentrated suspensions. Such i
actions are evidently affecting predominantly the coopera
diffusion dynamics probed in the lowq limit rather than the
dynamics related with the structural diffusion measured
the peak of the structure factor. In other words collect
motions of groups of neighboring particles towards one
rection become more severely slowed down than the mo
of two particles against each other related with the structu
relaxation of concentration fluctuations at the peak ofS(q).

The inset of Fig. 3 depicts the hydrodynamic factorH(q)
deduced from Eq.~1! using the measuredD(q) and either
the experimentalS(q), shown in Fig. 1, or the PY approxi
mation for a hard sphere suspension withw50.3. While the
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former deviates markedly from the theoretical prediction
Beenakker and Mazur@20# for a hard sphere system in th
entireq range, the latter is in significant disagreement only
the low q region. This fact further strengthens our assert
that the measuredS(q) does not correspond to the realS(q)
of the system due to an alteration of the form factor co
pared to its dilute solution measurement. Hence, if we
sume that the trueS(q) of the suspension resembles that
hard spheres the calculatedH(q) deviates from the theoret
ical hard sphere one mainly in the lowq region in agreemen
with theDs(q)/D0(q) data~Fig. 3!. Both our data and thos
of Ref. @11# imply that for particles with a soft polymeric
shell the decrease of the short-time collective diffusion co
ficient Ds

c with volume fraction is a direct consequence o
stronger decrease ofH(0) with the volume fraction than tha
of S(0). Figures 2 and 3 suggest that modifications of
hydrodynamic interactions due to the polymeric shell of
particle are stronger in the lowq limit ~and secondly at high
q’s! rather than at the peak ofS(q). The lower the value of
H(q) the higher is the hydrodynamic resistance. This me
that the hydrodynamic resistance of collective motions
neighboring polymer-layered particles towards the same
rection is larger that in the case of hard spheres. On
contrary, since theH(q) near the peak~the inset of Fig. 3! is
similar to the values observed in a hard sphere system
hydrodynamic resistance related to the structural relaxa
of concentration fluctuations~i.e. for motions of particles in
different directions! is not affected by the presence of th
polymeric coat. Hence, the weakq dependence ofDs(q) is
n
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due to its decrease at low and highq values rather than to
changes at the peak. The hydrodynamic interactions are
that all diffusion mechanisms~collective, structural and self
diffusion! slow down with increasing volume fraction in con
trast to hard or charged spheres where the collective di
sion exhibits a weak speed up due to cancellation effect
H(0) andS(0). For charged particles hydrodynamic inte
actions tend to speed up the structural relaxation near
peak of S(q) @H(qm).1# increasingly with increasingw
contrary to hard spheres whereH(q) never exceeds one an
decreases with increasingw. Furthermore, both theory an
experiments suggest that HI in the limit of lowq’s are more
pronounced in charged particles than in hard spheres a
same volume fraction. Still they are such thatDs

c/D0.1 but
decreasing towards 1 atw'0.08 @9#. In this sense the
polymer-grafted colloids resemble qualitatively the charg
spheres, however, with even stronger HI at lowq’s that lead
to a decrease ofDs

c below D0 . In contrary, at the peak o
S(q) the polymer-grafted colloids exhibit similar HI with th
hard sphere suspensions.
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