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Structure and dynamics of surfactant-stabilized aggregates of palladium nanoparticles under
dilute and semidilute conditions: Static and dynamic x-ray scattering
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We have used high-resolution small-angle x-ray scattering and the recently introduced technique of x-ray
photon correlation spectroscopy to study the structure and diffusive dynamics of a colloidal palladium aggre-
gate sol under dilute and semidilute conditions. At low concentration we find that the size of the aggregates as
determined from the static structure factor and from the diffusive dynamics agree. At high concentration the
aggregates start to overlap and the apparent diffusion constant decreases, while the system remains in a
liquidlike state. The comparison of static and dynamic data gives insight into structural features that are
indiscernable by one technique alofi©1063-651X99)00701-1

PACS numbgs): 82.70.Dd, 61.10.Eq, 61.43.Hv, 61.46v

[. INTRODUCTION the investigation of the dynamics of concentrated, structured
systems at high scattering vectdis3,14]. Interesting fea-
The irregularly shaped objects formed during aggregatioriures of the SAXS data are illuminated by combining the
processes are scale invariant and can be described by thesults of static and dynamic experiments.
concepts of fractal geometry. This was shown by computer

modeling[1-5] and later confirmed by experimer{t§—8]. Il. SCATTERING EXPERIMENTS ON COLLOIDAL
Recently the interest in aggregate sols has turned to the in- AGGREGATE SOLUTIONS
vestigation of more concentrated systems, stimulated by the ) _ _
observation that in these systems a preferred length scale can A. Static scattering cross section

exist[9-11]. Due to their open, fractal structure, aggregates The x-ray scattering cross section for a system of identical
in solutions can build up space filling structures at very mod-particles is

est volume fractions. The dynamics of such a concentrated

system could in one case successfully be described in terms do

of internal modes of a gel with arrested translational and m=reV|(q). @
rotational diffusion[12], but simultaneous studies of the

structure and the dynamics of these systems remain sparcgjerer? is the Thompson scattering cross section of a single

In this paper we present a study of the structure and th@jectron and/ is the scattering volume. The scattering inten-
dynamics of a surfactant-stabilized aggregate sol using statigty | (q) is given by

and dynamic x-ray scattering. Concentrations up to the semi-

dilute regime, in which the size of the aggregate is compa- 1 do

rable to the distance between aggregates, are covered. Thel(q)= Td_Q:CpUSAP§|F(Q)|2S(Q) (eu/volume,
aggregates consist of colloidal palladium particles with a size rev

of a few nanometers. Transition metal particles in the size 2
range 1-10 nm have attracted considerable interest due to ) o

their potential use in catalysis. The behavior of water-basedherec, denotes the number concentration of particigss

sols such as the one under study are therefore of particuldf€ volume of the particles, antiip, is the electron density
interest. difference between the particles and the surrounding me-
x-ray scattering SAXS) with x-ray photon correlation spec- the structure facto§(q) gives the effect of interparticle cor-

troscopy(XPCS). This recently introduced technique allows relations. Although the exact expression fo¢q) depends
on the shape and size of the particles, generally valid

asymptotic formulas for small and largg values can be
*Present address: Department of Polymer Science and Enginediven [15]. For smallg the Guinier approximation is valid,

ing, University of Massachusetts Amherst, MA 01003. so that
TAlso at the Institute of Physics, A. Mickiewicz University, ) 22
Poznan, Poland. |[F(q)|*=exp(—q Ry/3) for qRy=1. 3
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HereRy is the Guinier radius of the particles. For lagéhe  wherer is of the order of the size of the constituting par-

g dependence is given by Porod’s law ticles of the aggregates. Choosing a simple cutoff function
s a4 f(r/R)=exp(-r/R), the integral(12) can be solved analyti-
IF(q)|>~q™* for qRy>1. 4 cally if ro<R [16] and
The structure factor of the system is given by
s(@r—— — Y (d, - DarctangR)]
1 L q)c 3 TS ¢— DarctariqR)].
S(Q):N 2 exp:—iq~(Ri—Rj)]. (5) (qro) f (1+1/q2R2)( f—1)/2 13
i

The sumZ; ; in Eq. (5) extends over alN particles at the Here I' denotes the gamma-function. The expressib8)

positionsR; in the sampleS(q) is related to the particle pair May be used to describe the finite size of isolated aggregates,

correlation functionc(f) b but was originally devised to describe overlapping aggre-
y gates in a dense system, a situation that has been realized in

. L dry powders of aggregating particld8,17]. Expanding
S(q):f exp(—iqg-r)[c(r)—{c)]d. (6) equation(13) for small g leads to
> —~ _ N2 2
The correlation functiorc(r) is composed of & function S(a)~S(0)[1—q7d(d;+1)R6]. (14)

describing the self-correlation part and a contributdn(f)

S . . ; If the solution becomes more concentrated interferences
taking into account correlations between different particles

'between different aggregates cannot be neglected any longer,
especially aroundj=0. The value ofS(g—0) is then not
related in any simple way to the number of particles in the
system. Nevertheless, a correlation len§tban be extracted
from the shape of the structure factor in this region by taking

c(r)=8(r)+c'(r). 7

In an isotropic systens(q) and c(r) depend only on the
moduli |g| and|r| and Eq.(6) simplifies to
d’s

S(q)=47-rf: SI:rqr[c(r)—(cﬂrzdr. (8) d_q? o=—2§28(0)- (15
4=

For a dilute solution of particles only the self-correlation This is equivalent to an Ornstein-Zernicke approximation for
part contributes an&(q)=1. This is generally the limiting  5(q) usually written as

value of S(q) for g—« in a system without long-range or-

der. In the case where the particles form aggregates consist- S(0)
ing of n,4q particles and interferences are limited to within S(g)=~ 25" (16)
one aggregates(q) = N,qq for g—0. Using Eq.(2) and not- 1+qg%¢
ing that F(g—0)=1, the scattering intensity ag goes to _ o S
zero for a dilute aggregated system is Note that this behavior is up to ordef indistinguishable
from the Guinier expressio(l0), which is only meaningful
1(9—0)gilute= Cpl pAPaNagg= Caggagghpe-  (9)  for adilute solution.

Here c,q44 is the number concentration of aggregates and
Uagg the volume of an aggregate. Again a Guinier approxi- . . o A
mation as in Eq(3) can be used for smat| and Photon correlation spectroscopy using visible light is a
widely used scattering technique to study low-frequency dy-
I(q)=|(0)exp(—q2R§'agg/3) for gRyagg=1. (10 namics in disordered systeri$8,19. Since it requires the

) o ] use of highly coherent radiation, it became available for x
Rg,agg is Nnow the Guinier radius of the aggregates. rays only recently with the advent of third-generation syn-
~ Beyond the Guinier range the shapeS{fy) reflects the  chrotron radiation sources. This technique probes the dy-
internal structure of the aggregates. This is most easily denamic properties of matter by measuring the temporal corre-
scribed in terms of the correlation functiarfr). A useful |ation of the intensity scattered by the sample. Correlations
form is given by are quantified via the normalized time correlation function

c(r)eerd34(r/R). ap 9O:

B. Photon correlation spectroscopy with coherent x rays

The power law %2 describes the scaling typical for a frac- g(t)= w

tal of dimensiond; and leads to an asymptotic power law in (ny?
the scattering curv(q)~q 9. f(r/R) is a cutoff function

taking into account that the structure can only be describewheren(t) is the number of photons scattered in an interval
as fractal up to a lengtR. Thus At around a timd,

S(q)mrrdf*f(r/R)S”é—?r)rzdr, (12 n(t)=f (t)dt. (18
r At

0

: 17
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The angular brackets in Eq17) denote the time average.
The intensity correlation functiofil7) is related to the field
correlation function, which resembles the intermediate scat- g ioo0r

tering function in terms of which inelastic scattering experi- Eﬂ collimating

i - slits
plgzoelectnc mirror
mirror

e

X-rays T gndutator
source

sample

ments are usually described: analyzing  aperture
aperture

correlator

(1(@.01(q,t))  (E(Q,0E*(q,)?
2 1+ 2 : (19 FIG. 1. Schematic setup of the Troika beam line for the experi-
UCH (I(a)n ment.

Bisa const.ant that under fully coherent conditions would be B. X-ray photon correlation spectroscopy

equal to unity. Depending on the amount of incoherent aver- . . )

aging introduced by the partial coherence of the beam and FOr @ coherent scattering experiment the scattering vol-
the geometrical details of the experimental setup, it can takéMe has to be adjusted to the coherence lengths of the radia-

values between zero and ofppendix A. tion used. Whereas this requirement is relatively easy to ful-
For a translational diffusion process the expected funciill with laser light, it requires a highly collimated beam in
tional form of the correlation functiog(t) is [18] the case of x rays that can be produced only by using very

small (micrometer-sizedpinholes. The experiment was per-
formed on beam line 9TROIKA) at the ESRF. The beam
line was configured to provide maximum coherent flux by
restricting the longitudinal coherence lengthto about 100

D is a diffusion coefficient. For translational diffusion under A. The transverse coherence lengfhamounted to about

g(q,t)=A(q)e 2d'+1 with I'=q°D. (20

dilute conditions one expects 15 um and a pinhole of that size was used to produce a
nominally coherent beam. Figure 1 shows a schematic layout
KT of the setup. The setup and the coherence properties of the

D(c—>0)=DO=TnRh. (22 beam are described in detail j23]. The undulator source

was tuned to an energy of 8.1 keX£1.53 A). Correlation

functions were measured by a digital ALV5000(BLV
Herek is the Boltzmann constant, the temperaturey the | angen, Germanycorrelator.

viscosity of the solvent, anRj, the hydrodynamic radius of

the diffusing particles. If the solution is more concentrated IV. SAMPLES
particles will interact and interparticle interferences come _ _ . .
into play. Then the measurddl(q) is an effective diffusion The colloidal particles under study are synthesized via an

coefficient and reflects more generally the relaxation rate oglectrochemical method recently introduced by Reetz and co-
concentration fluctuations with wave vectprin the limit of ~ workers[24,25. The synthesis proceeds via electrochemical

high q this effective diffusion coefficienD reduces to the reduction of metal ions in the presence of a stabilizing agent.
short-time self-diffusion coefficienD4 [20]. Without a hy-  Which type of stabilizer is to be used depends on the solvent.
drodynamic interactio is identical to the diffusion con- Water soluble metal colloidéhydrosols can be obtained us-

stantD, given in Eq.(21), but generallyD will be some-  ing zwitterionic surfactants of the sulfobetaine ty26,27.
what reduced in comparison @y [20]. For the sample studied dimethyldodecylammoniopro-

panesulfonate (GH,d CH3],N*C3HSO;,™) was used as a
stabilizer. TEM gave a radius of 20—30 A for the metallic
IIl. EXPERIMENTAL DETAILS particles. The dry powder has a metal weight content of
A. Ultrasmall-angle x-ray scattering 26.8% and is easily dispersed in water. On dilution the col-
loidal solution becomes unstable in the concentration range
The measurements were taken at the European Synchrgy \which the surfactant content falls below the critical mi-
tron Radiation Facility(ESRF on beam line 2 using a celle concentration2 mmol/l [28]). In the concentration
Bonse-Hart setup with two crossed channel cut monochrorange under study no sedimentation was observed. A thin

mators for the incoming and the scattered beam effectively|ass capillary with a diameter of 1 mm served as the sample
producing point collimation. The smallest accessible scatterzgntainer.

ing vector Qmin~6x10"* A~1) is theq at which the back-

ground caused by diffuse scattering from the crystals and

absorbers is comparable in intensity to the scattering signal V. RESULTS
from the sample. X rays with an energy of 12.4 keN (
=1A) were used. The experimental setup is described in
detail in [21]. Measurements of the static structure factor Figure 2 shows the static scattering cross sedt{gp of
covering theqg range from 0.01 to 0.5 A! were taken with  three solutions with different concentrations of a palladium
a Kratky camera mounted on a conventional sealed x-ragolloid. The palladium volume fraction®py as calculated
tube. This setup uses slit collimation, which requires deconfrom the weight fractions are 6410 % (sample 1, 2.3
volution of the measured dafa2]. The primary beam inten- X102 (sample 2, and 7.9 10 3 (sample 3, with the high-

sity is measured with a moving slit, which allows the deter-est concentration showing the most intense scattering. The
mination of absolute values of scattering cross sections. curves can be split into severglregimes reflecting struc-

A. Statics
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FIG. 2. Scattering cross sectiofq) vs q of the Pd colloid in q® (A x107°
water at three different volume fractionsp=6.4x10"4, +
(sample 1, $=2.3x10"%, A, (sample 2, and$=7.9x10 3, O FIG. 3. Scattering cross sectiofq) as in Fig. 2 in a represen-
(sample 3. The solid line is a fit of the model functiofi3) to the  tation linearizing the Ornstein-Zernicke expressid®). All three
data obtained from sample 3. curves show a similar slope reflecting a similar correlation length.

The solid line corresponds to a correlation length385 A. Devia-
tions from the linear behavior in samples 1 and 2 at very sqaitke
disregarded heret, ¢=6.4x10"* (sample ; A, ¢=2.3x10"3
(sample 2, andO, ¢=7.9x10 2 (sample 3.

tures on different scales. Starting on the higtside, the
smallest structural unit, i.e., the individual Pd particles, de
termines the shape @fq). In agreement with the TEM re-
sults, the scattering cross section displays Porod behavior,
i.e., 1(q)<q % beyondg~0.1 A"l At lower scattering $=Cagglagg-
vectors §=<0.1 A~1) an additional increase d{q) is ob-
served, indicating the existence of aggregates whose intern
structure is reflected in thig range. Herd (q) follows ap-
proximately a power law (q)=q~%, d; being the fractal
dimension of the aggregate. Below about 802 A~? the 2 .2
, Aped
structure factor of all three samples deviates from the power C.. ——°" (23)
law, which indicates the finite extension of the fractal struc- 499 1(0)
ture. Using the quadratic approximatiti6) to describd (q)
in this range, a correlation lengthcan be extracted. Figure Here the scattering by the surfactant in the solution can be
3 shows the data in a representation that linearizegHy.  heglected since the electron density of palladium as com-
Up to deviations of about 10%, samples 1, 2, and 3 ar@ared to organic material is about a factor of 10 higher
characterized by the same correlation length of 385 A.  (H20, pe=335 nn'%; Pd, p.=3124 nm®). From cqqq
Inspection of Fig. 2 shows that all three data sets ar@ typical distanced between aggregates in the solution can
basically parallel, indicating a structure independent of conbe estimated, d~c_4»>. With 1(0)=9.3x10° eu/nn?,
centration. Only at the lowest values =2x103 A™%)  we obtainc,g,=5.2x ' nm 3 and d~1240 A. On the
are there differences in the slope of the curves. The samplether hand, in a dilute solution the correlation length deter-
with the highest concentratiofopen circle displays the mined above can be interpreted in terms of the Guinier ap-
most simple shape of the scattering curve. It can very well b@roximation (10), i.e., Ry agq= J3¢£=667 A+10%. This
described by the expressiofid) introduced above as a means that the estimated distance between aggregates is
model for a fractal structure with finite extent. The corre-comparable to the diameteiRg .44 Of the aggregates. We
sponding model curve is shown in Fig. 2. The fractal dimen-conclude that at least for sample 3 with the highest concen-
sion determined from the fit id;=2.26+0.05.1(0) is 9.3 tration we reached a semidilute state in which the aggregates
x10% eu/nn? and the value oRis 3085 A. Comparing partially overlap.
Eqgs.(14) and(15), this corresponds to a correlation length We now proceed with the analysis of the mentioned dif-
of 341 A. This is in accordance with our previous resultferences in the structure factors in the ranges?2
based on Eq(16). A fit of Eq. (13) to the more dilute X102 A~ The scattering curve measured on the more
samples does not lead to a satisfatory description. This poirtilute samples 1 and 2 shows an additional longer correlation
is dicussed in detail below. length. By plottingl (q—0)/1(q) versusg? for the range of
The description of the SAXS data thus far does not reveathe smallesy, the value of this large correlation length can
the state of dilution of the solution. A simple estimate showsbe determined according to E(.6). The result is shown in
that the data obtained from sample ®{;=7.9x10"3) are  Fig. 4. The values of 1421 Asample 1 and 1119 A
not consistent with the assumption of a dilute solution. As-(sample 2 are about a factor 3—4 greater than the smaller
suming for a moment a dilute solution, we may employ Eq.correlation length dominating the structure factor of sample
(9). Cagg @nduv ,4q are related to the Pd volume fractigh 3 and also present in samples 1 and 2. A precise interpreta-

(22

can be calculated from the known weight fraction of pal-
adium. Combining Egs(9) and (22), we get an expression
for cagg,



646 T. THURN-ALBRECHT et al. PRE 59

q (/&71 ) 14 _I TTT L TFT T ‘ TTITT TTTT I TTTT ‘ T T !_
0.0000 0.0015 L S ]
[ LI T T T /I I T T 12 j __
- / T I ]
4L e o] 10 |- .
—~ e~ 1421 R o + 1 —~ ]
s | St D e Tosf .
=3k A . ) L .
>~ I At N ] E T 1
oy O N i ~ B
(@) C +’F 2 i 6 -
N2k A A — I B ]
o A i C i
Z :///A@A@Hm/i ! s .
1 E ] [ 1
] 2 E
O 7| 3 | ’ 1111 | Ll il | | [ | | L1l 17 :
OO 05 1~0 15 2'0 25 3~O O III’IIIIIII|III|!IIII|IIII|1
@ A9 X107 0 1 2 3 4 5 6 7
2 8-2 1075
| o | a® (A7) :
FIG. 4. Scattering cross sectib(q) as in Fig. 2 in an Ornstein-
Zernicke representation for the range of the lowgsectors. The FIG. 6. Relaxation ratd’ versusq® for a suspension of Pd
lines corresponds to the correlation lengths indicated.¢p=6.4  colloid at two concentrations=2.3<107°, A (sample 2 and
X 10" * (sample 1and A, ¢=2.3x10"3 (sample 2. $=7.9x10"2, O (sample 3. The slope corresponds to the diffu-

sion coefficient measured.

tion of the different correlation lengths showing up in the bout a factor of 1000 dind to the | . it
structure factor is difficult on the basis of the static measure2P0Ut & factor o corresponding to the fower viscosity

ments alone and will be facilitated by a comparison with theOf Yrvgée:ng;g‘fg;g;ﬁgz?;ﬁtncti mpare also Appen
information about the aggregate dynamics. . : o(.m) i
ggreg Y dix B) can approximately be described by EQ0), but a
better quantitative description of the whole curve can be ob-
B. Dynamics tained by using a cumulant expansid®]. This expansion is
n samples 2 —23%10°3) an 7 used to describe a correlation function with a moderately
On_samples bpi=2.3<107) and 3 (ppa=17.9 broad distribution of relaxation rates as it is caused, e.g., by

x 10~ 3) an extensive series of x-ray photon correlation spec-,... . : . .
) yp PECiffusion of a polydisperse collection of particles:

troscopy experiments were performed covering| #aange
from 1x10 3A~1 up to 8x10°2 A1, As an example, a
set of correlation functions is displayed in Fig. 5. From both
samples a correlation function measured at a tpwof 1.8
x10"% A~1 and the correlation function measured at the
highestq are presented. The curves measured are qualita-
tively similar to the previous data measured for the palla-

dium aggregates in glycerfl4]. The time scale is shifted by Where 4" is the mean relaxation rate apg and u; are the
relative variance and skewness of the relaxation rate distri-

bution, respectively. The lines in Fig. 5 show the model
curves resulting from a fit with Eq24). The result of the
analysis is displayed in Fig. 6, which shows the relaxation
ratel” as a function ofj2. The relative variance., is of the
order of 20%, decreasing down to 10% at higljeralues.
The relaxation ratd™ is in both samples proportional .

g(H)=1+A exp[ — (2T )+ 2 (2T )

—%(2rqt)3+—--- , (24)

130 T LB L Ty R T

h

Sample 3
na,,  A=1.8-107°R7",
T 8.0-1073R7

1.25

1.20 ¥

- 1.15 The slope of the line whose value gives the diffusion coeffi-
110 Sample 2 3 cient is largely different in the two samples. For sample 2 a
q=1.8103", 3 diffusion coefficientD=3.6x10"*?> m? s ! results, corre-
1.05 3.7.10738" sponding to a hydrodynamic radius oR,=610 A

+10%(7n,0=10"° Pas). For sample 3 we g@=1.1

1.00 3 X102 m?s™!, showing that the diffusion is more than a
0.95 :v Lol b el bl ] faCtOI’ Of 3 SIOWer
107 107t 10 10!
t (ms) VI. DISCUSSION
FIG. 5. Correlation functiong(t) obtained at different concen- The analysis of the diffusive dynamics in terms of a hy-

trations andg values as indicatedower curves, sample 2y=2.3  drodynamic radiu_s se(.ams.adequat.e .for sample 2. At §igh
X 10~3; upper curves, sample $=7.9x 10 3). The upper curves Values the effective diffusion coefficiem approaches the
are shifted. Errors are estimated from photon counting statitisticsself-diffusion coefficienD4 as discussed earlier. If hydrody-
Lines are fits according to Eq24). namic interactions are not too strong, a hydrodynamic radius
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can at least be estimated from the measured valu®.of ously the particles cannot sustain a well defined stabilizing
There is an obvious agreement between the dominant corréayer. It could be shown for flat surfaces that surfactants
lation length in the structure factor and the value obtained fousually adsorb not as .single molecules. but as micglle_like
the hydrodynamic radius of the more dilute sample 2. If thestructureg36,37. Conceivably the absorption process is hin-
Shape of the measuréﬁ(q) is interpreted in terms of the dered in the case studied here by the fact that the size of the
Guinier approximatio{10) for a single aggregate, the corre- Particles is comparable to the size of the micellSAXS
lation length¢ is related to the Guinier radius of the aggre- €xperiments give a typical micelle radius of 2.6 hmn
gates Ry agg= J3£é=667 A+10%. This agrees well with incomplete coverage by adsorbed micelles would lead to the
the value obtained for the hydrodynamic radiug, ( formation of mixed partlcle—mlcelle aggregates and aggre-
=610 A). gates covered by micelles. The question to what extent the
From this starting point a consistent picture emerges. Th&entioned restructuring of the aggregate takes place directly
common length scalé visible in the structure factor at all  during the synthesis or later on cannot yet be answered.

concentrations measured corresponds to the typical size of

the aggregates in the solution. Beyond=2x10"3 the VIl. SUMMARY
curvesl (q) are parallel, indicating that only the number but
not the structure of the aggregates changes with concentras
tion. At the lower concentration of sample 2 the translational
diffusion of these aggregates dominates the dynamics. In thi
picture the additional longer correlation length showing upg

only at the lower concentratiorisamples 1 and)2s due o g44'& "The analysis of the structure factor and of the dy-

short-lived interaggregate correlation. A substantial fractior’h‘,jlmiC behavior led to consistent results. Structural changes

of very large aggregates otherwise would lead to a Srn""”ellhduced by changing the concentration can be attributed to

diffusion coefficient. . . ;
. . interaggregate correlation in a system of partially overlap-

At higher concentrauon(ssamp!e 3the aggregates Staft to .ping aggregates. At all concentrations the basic structural

oyerla_tp and the largest correlat|_on length .obs_e.rvable in thi eatures of the individual aggregates can be seen in the struc-
situation r'f of t'he ordler of the size of'lfhe' '%(Ij'v'dvl\J/al Zggre'ture factor. Whereas at lower concentrations the time scale of
gates, whose m_terna_ strqctu_re IS stil visible. We ao nOtthe dynamics is dominated by the translational diffusion of

observe a peak i8(q) in this situation and the dynamics of the single aggregates, we observed a slowing down at the

the sol is still liquidlike. In theq range under observation the higher concentration. The data indicate that constraints due

correlation function still relaxes completely, i.e., no sign c,’fto overlap between the aggregates are at least partially at the

gelation is observed. Nevertheless, the value of the diffusmtarigin of this behavior. Gelation and structure formation

coefficient decreases. Topological constraints due to overlai%ading to a peak in the intensityq) was not observed. In
may to some extent he responsmle for this S'OV.V'”Q dpwn, bué" cases the system can be described as a sol of aggregates.
there might also be a certain reduction of the viscosity due to We hope to have demonstrated in this study some of the
the V\r/ngh surlfaé:tar;]t cofr‘]tent In th? SVStemf- o romising possibilites the technique of XPCS offers,

e conclude that the general state of the system can amely, the study of the dynamics of concentrated and struc-

described as a S.Ol (.)f aggregates with a fractal_internal SUUGHred systems in g range corresponding to the structurally
ture. On a qualitative level the type of colloidal solution relevant length scale

studied has some analogies to a polymer solution, for which
the distinction between a dilute and a semidilute regime is
made[29]. Abovec*, at which the size of the aggregates is
comparable to their distance, they start to overlap. We are very grateful to E. W. Fischer and B. Ewen for
roughly coincides with the highest concentration studied intheir reliable support of this project. We thank Henri
this investigation. Gleyzolle and Patrick Feder for technical assistance and H.
The value of the fractal dimension is higher than observed adinski for his help during the experiment. Financial sup-
in the well understood limits of diffusion and reaction lim- port by the Bundesministerium fBildung und Forschung
ited growth kinetic§30—-33, although similarly high values (BMBF Contract No. ME11.07K and the Deutsche Fors-
for d; have been found in other systef@. It seems that the chungsgemeinschaf8FB 263 is gratefully acknowledged.
aggregates have undergone some process of restructuring,
conceivably during the relatively complex process of produc- APPENDIX A: STATISTICAL ERROR OF THE
tion, which includes drying, dissolving, and precipitation CORRELATION FUNCTION
[33]. Restructuring of fractal aggregates due to finite interac-
tion energies was studied in simulations as well as in experi- At low count rates the error due to Poisson counting sta-
ments[34,35. As in our observation, the formation of more tistics is the dominant contribution to the statistical error of
compact aggregates that did not lose their fractal propertieéie correlation functior38]
completely were observed in that case.
Concerning the mechanism of stabilization, the data show Ag(t)= m
that in the macroscopically stable colloidal solution not the g 9 (HTAL
individual particles but rather the aggregates as a whole are
effectively stabilized by the surfactant. At present we canin this expression is the count rateJ the total counting
only offer a speculative explanation of this behavior. Obvi-time, andAt the sampling interval. SincAt decreases with

We have studied the structural and dynamic features of a
lloidal solution consisting of surfactant-stabilized aggre-
ates at several concentrations up to the semidilute state. We
ave shown that the solutions under study consist micro-
copically of fractal aggregates with a typical radius of about
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FIG. 7. Correlation functiom(t) before and after division by a FIG. 8. Scattering cross sectid(q) vs q of a Pd colloid from

correlation functiorggyncn(t) measured on the primary beam. The sample 1 ¢=6.4% 1074, +) and sample 3¢=7.9x10"3, O).
oscillations correspond to the 2/3-filling mode of the ESRF and arélhe solid lines show fits of the model functio(1) and(13). The
removed by the division. additional increase df(q) at the lowesq is disregarded. The data
obtained from sample 1 decay more steeply, giving rise to a sig-
the argument of the correlation functiom(t), the statistical moidal shape 08(q).
error increases at short times. This error at short times in
comparison to the value of the interceptgyft) defines the be calculated channel by channel. This procedure is used for
largest measurable relaxation rate and therefore the digh the data presented in this article and is illustrated in Fig. 7.
limit. In our experiment the intercept ajf(t) takes values The observed oscillations correspond to the 2/3-filling mode
around 0.1. Based on a statistical analysis of a static speck® the ESRF, with the period of 2.81Lss reflecting the time
pattern, this value could be understood as a consequence afrelativistic electron needs to travel along the storage ring

incoherent contributions in the primary be#@8]. circumference of 845 m. The correction allows a much
broader time range to be used for determining the intercept
APPENDIX B: PRIMARY BEAM CONTRIBUTION of the correlation function.

TO THE CORRELATION FUNCTION
o ) i APPENDIX C: INFLUENCE OF THE CUTOFF FUNCTION
A complication while performing XPCS measurements ON THE AGGREGATE STRUCTURE FACTOR
covering the time range below milliseconds arises from the

fact that the x-ray beam from a synchrotron radiation source There is a subtle change in the exact shape of the structure
is usually strongly modulated due to the nonhomogeneoutactor at different concentrations for the samples studied. A
filling of the synchrotron. Since the resulting oscillations in closer inspection of the data reveals tBéd) in between the
the primary beam intensity are not correlated with the fluc-Guinier and the fractal range decays more steeply at lower
tuations caused by the dynamics of the sample, the resultingpncentration, in a way that cannot satisfactorily be de-
correlation functiong* (t) is the product of the two contri- scribed by expressiofi3). A similar shape was observed for
butions structure factors calculated from simulated aggreged6%
and it was attributed to the exact outer shape of the aggre-
9% (1) =synchlt) Isampid t)- (B1)  gates. We found indeed that our data can be described by a
) o o sharper cutoff, which can be realized in the model used by
For a multiple sampling time correlator, as used in this exintroducing an exponent>1 in the exponential cutoff func-

periment, the sampling intervalt increases with increasing tjon used before. As suggested[#0], one may take
argument of the correlation function. The correlation func-

tion measured is described by the following expression, sin(qr)
which leads to an effective damping of the oscillation caused S(Q)ch r9Sexd —(r/¢) 7]—rfzdf- (CY
by the primary beam fluctuation88]: q

1 rauz Figure_8 sh(_)ws a_detailed view ¢{q) _in the relevantq
- (At—|t’|)g*(t+t")dt’. (B2 range including a fit of the model functiai€l) to the data
At?) -aw2 obtained from sample 1. In this casetakes a value of 1.5.
The additional increase ii{q) at the lowesq is disregarded
If the time constants of both componends,,.n(t) and here. The model describes the data very well indfrange,
Jsampidt) @re well separated, one component is always apwhich reflects the structure of the individual aggregates. Data
proximately constant within the integration interval and canand a model function for sample 3 are included in the figure
be taken out of the integral. It is then easy to remove thdor a better comparison. The fact that the sharper cutoff is
influence of the primary beam oscillations from the mea-observable at low concentration is another indication of the
sured correlation functiorgsy,cn(t) is measured separately existence of overlap occurring in the more concentrated
on the primary beam directly argit) = g* (t)/gsyncn{t) can  samples.

gar(t) =
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