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Thermal diffusion and Soret feedback of gold-doped polyorganosiloxane nanospheres in toluen
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~Received 6 June 2000!

We have investigated diffusion and thermal diffusion properties of light-absorbing colloidal polyorganosi-
loxane microgels containing tiny nanometer-sized gold clusters dispersed in toluene. Transient holographic
gratings allow for very subtle perturbations in the linear regime where Soret feedback is negligible. Gold-
doped colloids of different size and crosslink ratios show different Soret coefficients but identical thermal
diffusion coefficientsDT . Undoped colloids tend to aggregate, but a consistent interpretation is obtained if an
identical DT is assumed for the doped, the undoped, and the aggregated particles. Previously reported Soret
feedback measurements on similar systems incidentally yielded comparable Soret coefficients. We show,
however, that they suffer from strong convective perturbations.

PACS number~s!: 82.70.Gg
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I. INTRODUCTION

Recently, dynamic light scattering experiments on go
doped polyorganosiloxane microgels in solution have b
carried out~Schaertl and Roos@1#!. These colloids are dif-
ferent from systems usually studied by light scattering due
their ability to absorb light at the wavelength of the las
The resulting heating of the solution triggers convectio
which leads to a characteristic beating of the time correla
function of the scattered light intensity at high laser powe

An interesting property of such light-absorbing colloids
that they can undergo thermal diffusion within the nonu
form temperature distribution created by the absorbed la
beam. If the laser heating and the Soret coefficient are s
ciently high, the redistribution of the absorbers in turn mo
fies the absorption properties and, hence, the heat rele
This nonlinear Soret feedback can be positive if the collo
migrate into the heated volume, or negative if they migr
towards the colder regions. In the first case, the feedbac
self-amplifying; in the second case, it limits the maximu
heat release in the sample. Depending on the sign of
Soret coefficient and on the refractive index increm
(]n/]c)p,T , self-focusing or defocusing can be observe
These effects have been discussed by Tabiryan and Luo@2#,
and experiments have been reported by Freyszet al. @3# and
by Du and Luo@4#.

In Ref. @1# this feedback has been utilized to determi
the Soret coefficient of the microgels from the nonline
power dependence of the phase shift at the center of
transmitted laser beam. Unfortunately, this procedure, wh
is based on the theory developed by Tabiryan and Luo@2#,
does not account for convection. Since convection is do
nant in these experiments, the reported Soret coefficients
presumably not correct.

In this paper we first discuss the influence of convect
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on the Soret feedback experiments reported in Ref.@1#.
Then, we reexamine diffusion and thermal diffusion prop
ties of such microgels with and without gold nuclei. To avo
problems associated with convection, we resort to the tr
sient holographic grating technique of thermal diffusi
forced Rayleigh scattering~TDFRS! @5–7#. This technique is
not only insensitive to convection but also avoids nonline
effects, since it induces only very subtle concentrat
changes.

Soret feedback is, however, not the only reason to sh
light on thermal diffusion of these colloids. A compariso
between doped and undoped microgels and aggreg
thereof would give information about whether the gold n
clei themselves and the formation of aggregates have
influence on the thermal diffusion coefficient.

While the mass diffusion coefficient of polymers and co
loids depends on their size in a well known way, the situ
tion is not so clear for the thermal diffusion coefficientDT .
For linear, branched, and star polymers, it is well establis
that DT is molar mass independent@8–10#. For highly
crosslinked polystyrene microgels in toluene, the sameDT as
for the linear polymer has been found@11#. For heteroge-
neous systems, such as block copolymers@12# and micelles
@13#, it has been shown thatDT is determined by the specie
occupying the outer surface, where the particle-solvent c
tact takes place. In contrast to these results is the size de
dence ofDT for suspensions of colloidal particles, as r
ported by Jeonet al. @14#. Since we have synthesized th
microgels with two different sizes, we can also contribute
this interesting and still open question, as to which para
eters influenceDT of a colloidal system.

II. EXPERIMENTAL

A. Synthesis of microgels

Synthesis of organosilicon microgels loaded with ti
gold clusters has been described previously@15#. These
cross-linked spherical nanoparticles of average radius 10
nm are formed by polycondensation of trimethoxysilanes a
d-
8361 ©2000 The American Physical Society
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dimethoxysilanes in microemulsion. The crosslink density
the microgels is adjusted via the content of bifunctional a
trifunctional silane monomers, respectively. The gold cl
ters themselves are prepared byin situ reduction of the meta
salt HAuCl4 by SiH within the microgel network. Reaching
certain size, the gold clusters become trapped within
crosslinked microgels. Samples used in this study are na
g50/50 andn50/50. Here,g corresponds to particles reacte
with HAuCl4 and therefore labeled with gold clusters. P
ticles namedn are identical microgels without any gold clu
ters. 50/50 corresponds to a 1:1 mixture of bifunctional a
trifunctional silanes. The microgels have a core-shell top
ogy ~see@15#!, i.e., a core containing the Si-H moieties us
for reduction of the gold salt, and a surrounding shell witho
Si-H groups.

The core is formed by cocondensation of the trifunctio
silanes HSi(OCH3)3 and CH3Si(OCH3)3 with the bifunc-
tional silane (CH3)2SI(OCH3)2, whereas the shell consis
only of CH3Si(OCH3)3 and (CH3)2Si(OCH3)2. For par-
ticles used in these studies, both core and shell had iden
crosslink densities.

B. Microgel characterization and measurement of transport
coefficients

Figure 1 shows a transmission electron micrograph of
gold labeled particles. The tiny dark spots are the gold c
ters, which are surrounded by the organosilicon netwo
Size polydispersity of these particles as determined from
exclusion chromatography, which has been calibrated for
solute particle radii of organosilicon microgels by light sc
tering ~see@16#!, was approximately 30%. The average p
ticle radius Rh as measured by dynamic light scatterin
using an ALV 3000 correlator and a Kr-laser at 647.1 n
wavelength and laser power less than 100 mW~to avoid
convection due to light absorption!, was 19 nm. A second
sample of identicalg50/50 topology with slightly larger par
ticle radiusRh525 nm was also used during these stud
~see below!.

TDFRS measurements were carried out as describe
previous publications@17,18#. For enhanced sensitivity an

FIG. 1. Transmission electron micrograph of the gold labe
microgels. Only a fraction of the spheres is loaded with tiny g
clusters. Scale bar 100 nm.
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robustness against perturbations, a heterodyne dete
scheme with active phase tracking was employed. An ar
ion laser~Spectra Physics 2020, 488 nm! was used for writ-
ing and a helium-neon laser~NEC, 35 mW, 632.8 nm! for
readout of the grating. The diffracted beam was coupled i
a single mode optical fiber to suppress incoherent ba
ground. The fringe spacing of the grating was of the order
10 mm. The refractive index increments (]n/]c)p,T5
20.06060.002, wherec is the concentration in weight frac
tions, and (]n/]T)p,c5(25.6260.01)31024 K21 were
determined interferometrically@19#. All measurements were
performed at room temperature. Solutions were prepa
with high-quality toluene~Merck, pro analysi!.

III. REEXAMINATION OF NONLINEAR SELF-INDUCED
PHASE MODULATION

In this section we reexamine the self-induced pha
modulation experiments from Ref.@1# and discuss similar
unpublished measurements on the here discussed gold-d
nanospheres in toluene. In these experiments, a laser be
used to induce a thermal lense due to slight absorption in
sample. Redistribution of the nanospheres within the nonu
form temperature profile changes the absorption, and, he
the heat insertion into the sample. This nonlinear effec
known as Soret feedback@2# and eventually limits the hea
insertion into the system if the sign of the Soret coefficien
such that the absorbing particles migrate out of the regi
heated by the laser beam~negative feedback! @3#. The non-
linear power dependence of the on-axis phase shift of
transmitted beam is used to estimate the Soret coefficien

To account for Soret feedback, Tabiryanet al. @2# start in
the usual way with the heat equation for the temperatureT,

]T

]t
5DthDT1

sI

rcp
. ~1!

Dth is the thermal diffusivity,I the laser intensity,r the
density,cp the specific heat at constant pressure, ands the
absorption coefficient of the liquid.

An extension of Ficks second law of diffusion is em
ployed to couple the concentration to the temperature pro

]c

]t
5DDc1DTc~12c!DT. ~2!

D and DT are the mass diffusion and the thermal diffusi
coefficient, respectively.

Soret feedback is introduced by linking the absorpti
coefficient, and hence the source term in the heat equa
@Eq. ~1!#, to the concentration of the absorbers,

s5c«. ~3!

« is the extinction coefficient of the solute per concentrat
unit ~here mass fraction!.

For cylindrical geometry, the problem becomes two
mensional in the limit of infinite path length, and heat tran
port through the cuvette windows in the direction of the o
tical axis can be neglected. The magnitude of the nonlin
feedback is controlled by the dimensionless parameter

d
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h5
s0STP

plT
. ~4!

ST5DT /D is the Soret coefficient.s0 is the equilibrium
absorption coefficient for uniform sample temperature,P the
total laser power, andlT the thermal conductivity of the
solution. Interestingly, the power and not the intensity a
pears in Eq.~4!.

The on-axis phase shift of the transmitted laser beam
given by

F052
2pL

l Fc0S ]n

]cD
p,T

2
1

ST
S ]n

]TD
p,c

G h

12h
. ~5!

Note that the factorc0 in front of (]n/]c)p,T is missing in
Eq. ~48! of Ref. @2# and in Eq.~10! of Ref. @1#. L is the
cuvette path length,l the laser wavelength, andn the index
of refraction of the solution. Nonlinearities can be neglec
as long ash!1.

In Ref. @1# the derivatives of the refractive index were n
known and the factor

K52
2pL

l Fc0S ]n

]cD
p,T

2
1

ST
S ]n

]TD
p,c

G ~6!

was treated as an unknown. The other unknown was
Soret coefficientST , which was estimated from the nonlin
ear power dependence ofF0 to ST50.06 and 0.07 K21 for
particles of 75 and 50 nm diameter, respectively. The sa
procedure yields for theg50/50 microgels discussed here
power-dependent Soret coefficient, whose extrapolation
zero laser power givesST'0.20 K21. This result agrees
remarkably well with the TDFRS results~see below!, but we
will show in the following that the experiment is dominate
by convection. Convection is, however, not accounted fo
the data analysis based on an estimation ofh @Eq. ~4!#, as
proposed in@2#.

For the microgels in toluene discussed here, both ref
tive index increments (]n/]c)p,T and (]n/]T)p,c are known,
and F0 can be calculated according to Eq.~5!. Figure 2
shows the on-axis phase shift as a function of laser powe

FIG. 2. Phase shiftsF0 at the center of the transmitted beam
measured and calculated from Eq.~5! for different Soret coeffi-
cientsST .
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different values ofST together with data measured fo
g50/50 (c052 g/L, s050.50 cm21, lT50.131
W (mK)21, L51.0 cm,l5514 nm).

Evidently, the power dependence of the measured ph
shift is highly nonlinear, but it cannot be described by Eq.~5!
assuming a constantST . A clear indication that the nonlin-
earity is not caused by a Soret-driven bleaching of the
sorption but rather by a cooling of the sample within t
laser path by convection is the deformation of the concen
interference patterns of the transmitted beam at high la
powers in Fig. 12 of Ref.@1#.

With ST50.17 K21 ~see Sec. IV!, we obtain

Uc0S ]n

]cD
p,T
UU 1

ST
S ]n

]TD
p,c
U21

50.036 ~7!

for the ratio between the concentration and the tempera
contribution in Eq.~6!. Hence, the asymmetric interferenc
pattern in this figure is essentially caused by a thermal len
and not by a concentration lense, and it must be conclu
that the volume within the beam path is exchanged by c
vective currents on a time scale comparable to the heat
fusion time. On the other hand, heat diffusion is more tha
orders of magnitude faster than mass diffusion. Hence, th
is no time for a concentration change to build up that wo
lead to a nonlinear Soret feedback. For a more quantita
estimation of the influence of convection it is necessary
determine the relevant time scales.

There is no unique definition of the mass diffusion timet
and the heat diffusion timet th . For simplicity, we definet
as the time after which the on-axis concentrationc of an
initially within a cylinder of radiusa homogeneously distrib-
uted diffusing species has decayed by 50%. According
Ref. @20#, c decays from its initial valuec0 like

c5c0~12e2a2/(4Dt)!. ~8!

Hence,

t5
a2

4D ln 2
and t th5

a2

4Dth ln 2
. ~9!

The corresponding convection time is the time needed
a volume element to flow through the cylinder in the dire
tion of gravity, perpendicular to the optical~cylinder! axis,

tc5
2a

vc
. ~10!

The power dependence of the convective velocityvc within
the scattering volume was determined in Ref.@1# from the
characteristic beating of the intensity autocorrelation fu
tion in PCS measurements:vc /P'0.3 cm/(s W).

Soret feedback can only be expected to dominate if
characteristic mass diffusion timet is shorter than the char
acteristic time scale for convectiontc . Sincet and t th de-
pend quadratically ona, whereastc depends only linear on
a, Soret feedback should dominate for small beam wai
convection for large ones. The scenario is summarized
Fig. 3 with D52.431027 cm2/s and Dth58.931024

cm2/s. The dashed lines with slope one correspond to
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convection times for different laser powers. The beam w
after a lense with focal length off 530 cm is approximately
2a54l f /(pd)'200 mm for a beam with initial diamete
d51.2 mm. The bar in Fig. 3 symbolizes the parame
range of the measurements. Even for the lowest laser po
employed, the experiment is still dominated by convecti
The reasonable agreement of the thus determined Sore
efficients with the ones discussed in the following section
merely a coincidence.

IV. MEASUREMENT OF TRANSPORT COEFFICIENTS
BY TDFRS

Because of the problems associated with convection in
Soret feedback experiments discussed in the preceding
tions, we resorted to TDFRS, for which it had been shown
@17# that convection does not play a role in a well-design
experiment.

In TDFRS experiments reported so far, the absorption
the liquid mixture or polymer solution has always been n
ligible at the writing wavelength for the holographic gratin
~488 nm! @5–7,10,21–23#, and some dye, e.g., quinizarin
had to be added to enhance absorption of light for the
mation of a temperature grating. The sole function of the d
is the thermalization of energy from the incident radiatio
Otherwise it must be inert, not undergo any photoreact
and not be redistributed within the temperature grating
thermal diffusion or some other mechanism.

The situation is quite different for the gold-doped nan
spheres, which show significant absorption at the writ
wavelength~488 nm! and even some absorption at the rea
out wavelength~632.8 nm!. Their absorption spectrum in
toluene is shown in Fig. 4 together with the spectrum
quinizarin in the same solvent.

A. Influence of Soret feedback

At higher concentrations, the measurements were c
ducted with the pure solution. At lower concentrations, a
sorption was enhanced by addition of some dye, like in c
of nonabsorbing samples. It is not immediately evide

FIG. 3. Relevant time scales of the Soret feedback experim
as a function of the radius of the laser beam. The bar indicates
parameter range of the measurements from Fig. 2.
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whether standard TDFRS experiments give the correct S
and thermal diffusion coefficients or whether Soret feedb
must be taken into account. Hence, we first will discuss v
ous experimental boundary conditions and estimate the
portance of nonlinear feedback.

The cuvettes employed for the holographic experim
have rectangular windows of 2034 mm2, which are ori-
ented perpendicular to the optical axis. The thickness of
liquid layer between the two windows is 200mm. The op-
tical density of the sample was always below 0.4, laser po
ers ranged from 25 to 80 mW, with beam diameters of
proximately 6 mm. Following Ref.@17#, the relative
concentration change within the 10mm periodicity of the
grating can be estimated to be below 1024 for Soret coeffi-
cients of the order of 0.1 K21, as found for the nanosphere
in toluene~see below!. Hence, nonlinear effects within th
holographic grating are completely negligible.

More serious concerns may arise with respect to redis
bution of the solute on a much larger length scale of sev
millimeters, namely within the Gaussian intensity distrib
tion of the laser beam and between the laser spot and the
illuminated cuvette volume. While such a concentrati
change does not directly interfere with the modulation with
the grating because of the very different diffusion lengths
leads to errors in the average concentration within the pro
volume and, as a consequence, to wrong Soret coefficie
This argument also holds for nonabsorbing solutes and
vents with added dye. The temperature risedTs of the whole
illuminated spot has been estimated in Ref.@17# as a few
hundred millikelvin, limited by the rather efficient heat tran
port through the thin liquid layer and the cuvette window
Again, the resulting concentration changes

dcs

c
'STdTs'1022 ~11!

can be neglected.
In summary, Soret feedback can be neglected for

TDFRS measurements. It becomes important for th
samples, as employed in Ref.@1#. However, as outlined in

nt
he

FIG. 4. Absorption spectra of gold-doped nanospheres (g50/50,
c51.07831022) and quinizarin (c58.531026) in toluene. Writ-
ing wavelength lw5488 nm and readout wavelengthl r

5632.8 nm. Path length 1 mm.
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the preceding section, these measurements are not domi
by Soret feedback but rather by convection.

B. Gold-doped microgels

The TDFRS experiment is straightforward and has b
described in previous publications@7,17,24#. Taking the
power absorbed from the optical interference grating as
source term for the heat equation, a temperature gra
builds up within the sample, which, due to the Ludwig-So
effect, induces a superimposed concentration grating.
diffraction efficiencyzhet(t) of the resulting refractive index
grating is read in a heterodyne experiment.

Since the heat diffusion timet th5(Dthq2)21 and the
mass diffusion timet5(Dq2)21 are well separated,t
'103t th , it is sufficient for our purpose to neglectt th and
assume an instant response of the temperature grating.Dth is
the thermal diffusivity,D the mass diffusion coefficient,q
52p/d is the absolute value of the grating vector, andd the
fringe spacing of the grating. Neglecting, as usual, the D
our effect, the working equation for the heterodyne diffra
tion efficiency, normalized to the thermal signal, for a so
tion of monodisperse particles in response to a step-
excitation att50 is

zhet~ t !512
~]n/]c!p,T

~]n/]T!p,c
c0~12c0!ST~12e2t/t!. ~12!

Figure 5 shows the normalized heterodyne diffraction
ficiency for g50/50 at a concentration ofc51.07831022 in
toluene. After the fast rise of the signal stemming from t
temperature grating, there is the slow contribution from
concentration grating, which reduces the initial diffracti
efficiency. Because of the negative value of (]n/]c)p,T , this
decrease corresponds to a positive Soret coefficient: the
ute migrates towards the cooler regions.

1. Soret coefficients

Figure 6 shows the normalized steady-state amplitude
the concentration signal in Eq.~12!,

A5
~]n/]c!p,T

~]n/]T!p,c
c0~12c0!ST , ~13!

as a function of concentration forg50/50.

FIG. 5. Normalized heterodyne diffraction efficiency ofg50/50
in toluene,c51.07831022.
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For such small concentrations below 1%,c0(12c0)
'c0, and the Soret coefficientST50.17 K21 is obtained
from the linear slope. The two data points corresponding
the highest concentrations have been measured wit
added dye. For the lower concentrations, some quinizarin
been added. Obviously, there is no influence of the dye o
than the enhancement of absorption.

Since the amplitudes of both the temperature and
Soret-driven concentration grating are proportional to the
sorption coefficient, the independence ofA in Fig. 6 on the
dye concentration allows also the exclusion of significa
electrostrictive contributions@2#. These depend only on th
laser intensity, but not on the absorption coefficient, a
hence, would not lead to the straight-line behavior after n
malization to the thermal signal.

For polydisperse samples, as the ones discussed here~see
below!, the weight average Soret coefficient^ST&c is ob-
tained from the steady-state amplitude@22# of the concentra-
tion signal.

2. Diffusion coefficients

a. TDFRS. The diffusion coefficients are obtained from
the time dependence of the concentration signal. As w
almost all polymeric samples, the nanospheres are not t
monodisperse. For dilute solutions of a polydisperse sol
Eq. ~12! becomes@22#

zhet~ t !512
~]n/]c!p,T

~]n/]T!p,c
c0~12c0!DT(

k

c0,k

Dk
~12e2t/tk!.

~14!

The molar mass dependence ofST5DT /D is attributed com-
pletely to D. DT is taken independent of molar mass,
generally found for polymers in solution@10,8# ~see below!.

In Ref. @22# it has been shown that TDFRS with ste
excitation gives the average

^D&c/D5

(
i

ci

(
i

ci /Di

5^D21&c
21 . ~15!

FIG. 6. Amplitude of the concentration signal as a function
concentration forg50/50. The solid points have been obtained wit
out additional dye.
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Technically, the CONTIN inversion@25# was used to com-
pute the rate distribution and the average^D&c/D from the
concentration signal.

Figure 7 shows the diffusion coefficient ofg50/50 as a
function of concentration. The weak concentration dep
dence is in agreement with the hard-sphere behavior@26#

D

D0
5111.45f. ~16!

f'0.867c is the volume fraction of the nanospheres andD0
the diffusion coefficient extrapolated to zero concentratio

b. PCS. As a consequence of sample polydispersity,
diffusion coefficients measured by photon correlation sp
troscopy ~PCS! and TDFRS are different@22#. Since the
scattered intensity is proportional tocM, PCS gives the
z-average diffusion coefficient

D0
PCS[ lim

c→0
^D&cM5 lim

c→0

(
i

ciM iDi

(
i

ciM i

. ~17!

ci is the weight fraction of particles of molar massMi .
D0

PCS51.931027 cm2/s has been found forg50/50. Note
that D must also be extrapolated toq→0 in case of PCS.
TDFRS has already been measured at very lowq
56705 cm21, rendering the extrapolation obsolete.

Without knowledge of the size distribution and the frac
dimension of the particles,D0

PCS and D0
TDFRS cannot be

compared. In principle, the size distribution can be compu
from the rate distribution as obtained from the multiexpon
tial decay of the correlation functions in combination wi
the Stokes-Einstein relation

D5
kT

6phsR
. ~18!

kT is the thermal energy,hs the solvent viscosity, andR the
particle radius. This requires, however, a high quality of
correlation functions with very little low-frequency nois

FIG. 7. Diffusion coefficients ofg50/50 in toluene as measure
by TDFRS (̂ D&c/D). The solid line corresponds to hard-sphe
behavior.
-

.
e
-

l

d
-

e

Due to the limited quality of the scattering data, we resor
to size exclusion chromatography~SEC! @27#, which sepa-
rates the particles according to their hydrodynamic volu
Vh}R3. It yields approximately a Gaussian number distrib
tion

n~R!5~2ps2!21/2 e2(R2R0)2/2s2
~19!

with R05(16.061.5) nm and a width ofs/R0'0.3 for
g50/50. Due to aging effects, the absolute value ofR0 is
subject to shifts and less reliable than the normalized wi
s/R0.

If we assume a fractal dimension of 3 for such high
cross-linked spheres, corresponding toMi}Ri

3 , the ratio
D0

PCS/D0
TDFRS can be calculated from Eqs.~15!, ~17!, and

~18!,

D0
PCS

D0
TDFRS

5

(
i

niRi
4(

i
niRi

5

(
i

niRi
3(

i
niRi

6
5

^R4&n^R
5&n

^R3&n^R
6&n

. ~20!

Together with the size distribution of Eq.~19! we obtain
D0

PCS/D0
TDFRS'0.9, which is not too far from the experi

mental value ofD0
PCS/D0

TDFRS50.8.
c. Hydrodynamic radii. The hydrodynmic radii can be ob

tained from the diffusion coefficients together with th
Stokes-Einstein relation@Eq. ~18!#. Because of the differen
averages of the measured diffusion coefficients, the two s
tering techniques give an inversez average in case of PCS
and the weight average in case of TDFRS@22#,

RPCS5^R21&cM
21'~1961! nm, ~21!

RTDFRS5^R&c'~1561! nm.

In summary, we find a reasonably consistent picture
the diffusion coefficients and hydrodynamic radii as obtain
from the two optical scattering techniques and from SEC

3. Thermal diffusion coefficients

If the thermal diffusion coefficient of a polydispers
sample does not depend on particle size, as implied by
~14!, it can be obtained from the initial slope of the tim
dependent concentration signal@22# or from the averages o
the Soret and diffusion coefficient according to

^ST&c^D&c/D5DT^D21&c^D&c/D5DT . ~22!

DT50.4131027cm2(sK)21 is found forg50/50 in toluene.
While a molar mass independentDT has been reported fo

many different linear polymers@10,8,9#, this must not neces
sarily be true for colloidal particles. Recent thermal fie
flow fractionation~TFFF! results revealed a size dependen
of DT in aqueous colloidal suspensions@14#.

To verify the size independence ofDT for our colloids,
some measurements have been performed with ano
sample of identical chemistry and crosslink density b
larger radius (g50/50b). The results for the two samples a
summarized in Table I. Despite the substantial difference
the diffusion and Soret coefficients, the thermal diffusi
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TABLE I. Transport coefficients ofg50/50 andg50/50b in toluene. The errors are estimated fro
repeated measurements.

DPCS DTDFRS ST DT

1027 cm2 s21 1027 cm2 s21 K21 1027 cm2 (s K)21

g50/50 1.960.1 2.4360.15 0.1760.01 0.4160.03
g50/50b 1.4660.1 1.5760.15 0.2760.02 0.4260.03
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coefficients are identical within the experimental errors, j
tifying our assumption of a constantDT .

A constantDT for swollen colloids in an organic solven
is in agreement with a previous result, where identicalDT
has been found for linear polystyrene and highly crosslin
polystyrene microgels@11# in toluene.

A problem not discussed so far is that only a fractionf
'0.05 of the nanospheres carries gold nuclei, the rest b
undoped. Since we have shown in the preceding section
nonlinear feedback is negligible and since we will argue
the next section thatDT is not sensitive to gold doping, thi
does not change the results and arguments presented in
section.

C. Undoped microgels

For comparison, and to further investigate a potential
fect of the gold nuclei, we have also tried to character
nanospheres in an undoped precursor state. Unfortuna
these particles tend to form aggregates which coexist w
the nonaggregated units. We attribute this aggregation
dency to the presence of reactive Si-H groups in the pre
sor.

The experimental evidence for the aggregates is a bim
decay of the heterodyne diffraction efficiency in the TDFR
experiments ~Fig. 8!. The fast process with D
52.231027 cm2 s21 is almost identical to the one of th
gold-doped microgels. Hence, we attribute it to isola
spheres. The slow one corresponds to a diffusion coeffic
D54.531028 cm2 s21 and is most likely caused by aggre
gates.

Since neither the degree of aggregation nor the ther
diffusion coefficients of the aggregates are known, a uni
determination of the Soret and thermal diffusion coefficie
of the single spheres and the aggregates is not poss
However, with the plausible assumption of identicalDT and
contrast factors (]n/]c)p,T for the aggregated and nonaggr
gated colloids, the averaged valueŝ D&c/D50.9
31027 cm2 s21, ^ST&c50.45 K21, and finally DT
50.4131027 cm2 (s K)21, can be calculated.

DT is remarkably close to the value for the doped mic
gels ~Table I!. Hence, while not rigorously proven, the a
sumption of identicalDT for the aggregates and the no
aggregated particles appears justified. Furthermore, the
nuclei, which are buried inside the colloids and shield
from the solvent by the crosslinked polymer, have no noti
able influence onDT .

Probably as a consequence of the reactive Si-H-gro
the undoped samples are of limited long-term stabil
which manifests itself in a gradual increase of the num
and size of the aggregates, a decrease of the number o
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colloids, and a slow decrease of (]n/]c)p,T over several
weeks.

V. SUMMARY AND CONCLUSIONS

We have characterized gold-doped polyorganosilox
microgels with respect to their size distribution, their ma
and thermal diffusion coefficients and their Soret coefficie
by means of TDFRS. In addition, translational diffusion a
size distribution have been investigated by PCS and S
respectively.

A consistent picture has been obtained for the size dis
bution and the various averages of the diffusion coefficie
and hydrodynamic radii as obtained by the optical te
niques.

Contrary to colloidal particles in aqueous suspensio
where the thermal diffusion coefficientDT depends on par-
ticle size and mass,DT does not depend on the size of th
microgel. Such a constantDT is characteristic for linear
polymers in organic solvents, but also for crosslinked mic

FIG. 8. Concentration part of the heterodyne diffraction e
ciency z and diffusion-time distribution functionP(log10t) for
gold-doped (g50/50) and undoped (n50/50) colloids in toluene.
Both c50.0107. The arrow indicates the nonaggregated spec
Note the different scale of the ordinates.
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gels in organic and linear polyelectrolytes in aqueous so
tions @28#. Because of aggregation phenomena observed
undoped microgels, an unambiguous investigation of the
fluence of the gold nuclei onDT has not been possible. A
consistent interpretation of the experiments is, however, p
sible, if we assume identicalDT for the doped, the undoped
and the aggregated particles. This can be rationalized as
lows.

Since it could be shown thatDT does not depend on pa
ticle size for the doped species, it is also reasonable to
sume an aggregation independentDT for the undoped spe
cies. There is no noticeable influence of the gold nuclei
DT . The gold does not contribute significantly to the to
particle mass and is buried inside the polymer and, he
shielded from the contact with the free solvent on the surf
of the particle, where the polymer-solvent interaction resp
sible for thermal diffusion takes place. A similar behavi
has been observed with block copolymers where the mo
mer units are subject to radial segregation in the polym
solvent sphere. In these systems, thermal diffusion is do
nated by the monomers located in the outer region of
solvation sphere@12#.

If the species subject to thermal diffusion absorbs lig
there is the possibility for nonlinear Soret feedback, if t
m

B

mo
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or
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n
l
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e
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o-
r-
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e
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temperature gradient is induced by optical absorption. S
feedback is completely irrelevant for TDFRS because of
minute temperature and concentration gradients conne
with this technique. The experimental proof is the indepe
dence of the amplitude of the concentration signal of
gold-doped system from the addition of dye.

For sample heating along the path of a laser beam insi
thick cell, Soret feedback becomes important already for
ser powers of a few mW. This has been analyzed in Ref.@2#,
and the resulting nonlinear phase shift of the transmit
beam has been employed in Ref.@1#. In principle, this pro-
cedure is correct and would yield the Soret coefficient.
suffers, however, from the almost unavoidable convecti
which does not allow for the buildup of the stable stead
state concentration modulation. The nonlinear phase shi
Ref. @1# is probably not caused by an escape of the absor
from the laser beam, which would limit the heat relea
Most likely, the transport of cold solution into the beam vo
ume by convection, which also increases with increasing
ser power, is responsible for the observed nonlinear ph
shift. In light of these arguments, the approximately corr
Soret coefficients obtained from the self-induced ph
modulation must be viewed as a pure coincidence.
.
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