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Dynamic structure of thermoreversible colloidal gels of adhesive spheres
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The dynamic structure factorf (q,t) of suspensions of adhesive colloidal spheres has been characterized as
a function of temperature over the volume fraction range 0.010,f,0.075. Below a critical temperature that
is volume fraction dependent, the suspensions underwent an abrupt, reversible transition in dynamic structure.
Below their gel points suspensions became nonergodic, and the time decay off (q,t) was arrested by as many
as five decades. Static light scattering demonstrated that the adhesive spheres formed a fractal cluster gel
structure. A recent model of the dynamics of fractal clusters@A. H. Krall and D. A. Weitz, Phys. Rev. Lett.80,
778 ~1998!# was applied to extract the temperature and volume fraction dependence of the characteristic decay
times of f (q,t). Immediately above the gel temperature a single stretched exponential decay off (q,t) was
observed. The temperature dependence of the decay time wasta;«21.1560.06, where«5(T2Tgel)/Tgel , and
Tgel is the gelation temperature. The argument of the stretched exponential decayp decreased monotonically as
the temperature was lowered toward the gel point, until, at gelation,p;0.5. Below the gel temperature, an
initial stretched exponential decay off (q,t) was followed by a plateau. Finally, at long times, an additional
exponential decay of the gelf (q,t) was observed. By applying the fractal cluster dynamics model, it was found
that the initial decay time,tb;«21.0060.07. The plateau inf (q,t) was due to an upper bound of the mean-
squared displacement of gel segments, denotedd2. The typical magnitude ofd2 was not much greater than the
square of the particle radius. The data showedd2;«21.0560.07. The additional exponential decay at long times,
tg , depended only weakly on«. Its dependence on the scattering vector wastg;q20.5360.06. The argument of
the stretched exponential decay of the gelf (q,t) and volume fraction dependence oftb andd2 indicate that the
spatial scaling of the gel compliance is consistent with the gel network bonds possessing angular rigidity. The
« dependence of the characteristic timesta andtb could not be fully explained by the fractal cluster dynamics
model. The long time decay off (q,t) exhibited behavior that differed from that recently reported for dilute
gels of aqueous colloidal polystyrene@Cipelletti et al., Phys. Rev. Lett.84, 2275~2000!#. We hypothesize that
the long-time decay inf (q,t) of the gels studied here is due to rare bond disaggregation processes that occur
because of the relatively weak interaction between the adhesive spheres (DEmin /kT;10) of the thermorevers-
ible gel.

DOI: 10.1103/PhysRevE.63.051402 PACS number~s!: 82.70.Gg, 61.20.Lc, 82.70.Dd, 61.43.Hv
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I. INTRODUCTION

Colloidal particulate suspensions with amorphous str
ture may exhibit an abrupt transition in dynamics as the s
volume fraction is increased or as the interparticle poten
is varied. Qualitatively, the transition, often called gelatio
is from liquidlike to solidlike dynamics. Its onset is a sen
tive and poorly characterized function of static structure a
interparticle interactions. Technologically, colloidal gelati
is relevant to the chemical processing of ceramics and
fabrication of particulate coatings@1#. Moreover, understand
ing colloidal gel dynamics is a preliminary step in explaini
the unusual rheological properties of gels such as solid
linear viscoelasticity and the existence of an apparent y
stress.

The origin of gelation is of fundamental interest becau
of its possible relationship to glass or frustrated phase t
sitions. Comparison to the glass transition arose because
lation involves an abrupt slowing down of dynamics in sy
tems that maintain amorphous structure@2#. The role of
phase behavior has been debated, because was conje
that gelation is triggered by a phase transition, such as s

*Email address: mjsolo@umich.edu
1063-651X/2001/63~5!/051402~10!/$20.00 63 0514
-
d
l

,

d

e

e
ld

e
n-
ge-
-

red
in-

odal decomposition, that does not proceed to completion
cause of strong interparticle interactions that trap the mate
in a nonequilibrium state@3,4#. The slowing down of dynam-
ics that accompanies gelation is observable, for example
an arrested decay of the autocorrelation function of part
concentration fluctuations@5,6#. Gelled suspensions displa
nonergodicity and an apparent low frequency plateau of
dynamic mechanical storage modulus.

Dynamic transitions have been observed in suspension
hard spheres@6#, depletion flocculated colloids@4#, dilute
aqueous suspensions of colloidal polystyrene@5,7,8#, suspen-
sions of adhesive spheres@3,9–12#, and dispersions of deion
ized laponite@13,14#. For colloidal hard spheres, the dynam
cal transition atf50.58 has been likened to the gla
transition. The ensemble averaged autocorrelation func
of particle concentration fluctuations has been modeled
mode coupling theory in the vicinity of the glass transitio
@6#. Recent direct visualization of hard sphere colloidal d
namics characterized the role of cooperative dynamics in
diating particle displacements in regions above and be
the glass transition volume fraction@15,16#.

While the colloidal hard sphere glass transition is reach
by increasing volume fraction, gelation may also be induc
by manipulating the strength and range of attractive interp
ticle interactions. For example, dilute, density matched, s
©2001 The American Physical Society02-1
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MICHAEL J. SOLOMON AND PRIYA VARADAN PHYSICAL REVIEW E 63 051402
pensions of aqueous colloidal polystyrene aggregate to f
gels upon the addition of divalent electrolyte@7,8#. Upon
gelation, the time decay of the dynamic structure facto
retarded by many orders of magnitude@5#. The full decay of
dynamic structure is achieved only at very long times by
aging process that is thought to involve syneresis@17#.

Another system that gels due to attractive particle inter
tions is sterically stabilized colloidal silica that has been d
persed in a liquid that poorly solvates the grafted chains@18#.
For aliphatic grafted species, example solvents are hex
cane, benzene, decalin, and tetradecane. Since the so
grafted chain interaction is temperature dependent, the in
particle potential is also a function of temperature. As
temperature is decreased, the solvent quality deteriora
and a net attractive interparticle interaction results. This
teraction has been modeled by the Baxter adhesive sp
model, which includes a single parametertb @19#. The Bax-
ter interaction parametertb has been quantitatively related
temperature for various adhesive-sphere–solvent sys
@3,20#. Experimentally, as the temperature of the adhes
sphere suspensions is decreased, a stable gel is formed.
been hypothesized that the observed transition is a co
quence of percolation@11#, freezing of the stabilizing layers
@21#, a frustrated gas-solid phase transition@3#, or a dynamic
instability explainable by mode coupling theory@2#.

Suspensions of adhesive hard spheres are an exce
system for the study of gelation, because the interpart
potential is well characterized and the transition is reversi
Since the strength of the attractive potential can be va
continuously and reversibly, the divergent scaling of char
teristic times in the vicinity of the gelation transition can
measured in a way previously accomplished only for coll
dal hard spheres.

We report a characterization of the dynamic structure
thermoreversible gels of adhesive spheres in the vicinity
the gel point. The dynamic structure factor, which quantifi
the normalized autocorrelation function of particle dens
fluctuations, was measured by means of photon correla
spectroscopy. Suspensions of colloidal silica, sterically
bilized by surface grafted octadecyl aliphatic chains, form
gels below a critical temperature in the solvent hexadeca
The temperature of the reversible transition was a function
volume fraction. At high volume fraction (f.0.01) the
structure of the gels was sufficiently rigid and the parti
size sufficiently small that gravitationally induced collapse
the gel occurred only very slowly~e.g., t.1 week for f
50.035!. Because of the approximate refractive ind
matching of silica and hexadecane, scattering studies c
be conducted up to a very high volume fraction (f;0.12).
This extended the range of study possible by light scatte
beyond that of aqueous polystyrene gels, where mult
scattering precludes measurements much abovef;1023.
Previous studies of this system demonstrated that the in
particle interaction can be modeled by the Baxter adhe
sphere potential, and that the gel curve, determined by
onset of solidlike linear viscoelasticity, is coincident neith
with the percolation, spinodal decomposition, nor gas-so
coexistence curves@3#. In fact, as opposed to the organ
philic silica-benzene system studied by Verduin and Dh
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@10#, the silica-hexadecance system apparently does not
hibit any experimental evidence of phase separation, s
only gelation is observed as the temperature or volume f
tion is varied.

The extraction of characteristic decay times from the d
namic structure factor of colloidal gels was facilitated by t
recent report of a model of fractal cluster dynamics@5#. The
model, which computes the average mean-squared disp
ment of gel segments due to thermal excitation of the ela
modes of a fractal cluster, predicts a time decay off (q,t),
given the cluster radius, fractal dimension and segme
elasticity of the gel. The Krall-Weitz model provides a use
means to characterize gel dynamics systematically as a f
tion of the strength of the interparticle potential.

In this study, we report measurements of the static str
ture factorS(q) of the organophilic silica as functions o
temperature and volume fraction. As the temperature is v
ied above the gel point,S(q) displays a behavior consisten
with an approach to the spinodal curve; however, as the t
perature is decreased further, gelation occurs instead
phase separation. Below the gel temperature, the structu
the gel is consistent with fractal clusters that fill space in
way that is volume fraction dependent. The dynamic str
ture factor f (q,t) was characterized by photon correlatio
spectroscopy in the vicinity of the gelation transition at
number of volume fractions. Above the gel point,f (q,t)
exhibited a stretched exponential decay with characteri
times that were remarkably temperature dependent. Be
the gelation temperature a region of arrested structural de
was encountered. The arrested decay persisted for a
interval that depended on the proximity to the gel tempe
ture. At long times, an additional decay off (q,t) was ob-
served. This decay was attributed to rare, thermally induc
bond breaking processes.

II. METHODS AND MATERIALS CHARACTERIZATION

A. Organophilic colloidal silica

Colloidal silica was synthesized by the Stober meth
@22# according to the correlation of Bugosh and Zukos
@23#. Octadecyl aliphatic chains were then grafted to the c
loid surface by the method of Ref.@24#. The radius of the
resulting colloids wasa540 nm ~by dynamic light scatter-
ing!. The standard deviation in the particle radius was 4
~by scanning electron microscopy!. The silica densityr
51.8 g/cm3 was used for the calculation of the suspens
volume fraction@23#. Suspensions were prepared in hexad
cane ~r50.773 g/cm3, n51.434! by vortex mixing of the
warm (T;60 °C) mixture.

B. Static and dynamic light scattering

The static structure factorS(q) of the suspensions wa
measured by means of small and wide-angle light scatter
The small-angle light scattering device was based on the
sign of Cumminget al. @25#. The wavelength of the inciden
radiation waslo50.633mm and the scattering vector,q,
was varied from 0.50mm21,q,4.9mm21. The size of the
scattering volume was approximately 0.66 mm3. Tempera-
2-2



-

wa
m
d
b

g
d
es

ur
io
d
he
d

r
ity

e
fo
-
t

h

re
e

nd

t-
tio
in

a

a
fo
rt

to
t
to
em
1

n

-
y
ll

of
e-
No

any
ration
ture

the

con-

hod

ctor
te

l

m

DYNAMIC STRUCTURE OF THERMOREVERSIBLE . . . PHYSICAL REVIEW E 63 051402
ture was controlled to60.5 °C. Additional details of the de
vice are reported elsewhere@26#. Wide-angle static light
scattering was conducted on an ALV~Langen, Germany!
compact goniometer system. The incident wavelength
lo50.488mm and the scattering vector was varied fro
3.8mm21,q,35.6mm21. The temperature was controlle
to 60.02 °C. The scattering volume was estimated to
0.0020 mm3 at u590°.

For nonergodic gels, the time-averaged intensity^I & t does
not necessarily equal the ensemble-averaged intensity,^I &e.
Because of the small scattering volume of the wide-an
device, ensemble-averaged measurements were collecte
interrogating the intensity within many scattering volum
(n.100). S(q) ~in arbitrary units!, was extracted from the
data via the proportionalityI (q)}fP(q)S(q) whereP(q) is
the particle form factor andf is the volume fraction.

The intermediate scattering function, or dynamic struct
factor, f (q,t) was measured by means of photon correlat
spectroscopy. The functionf (q,t) represents the normalize
autocorrelation function of particle density fluctuations. T
compact goniometer system described above was use
conjunction with a multitau correlator~ALV-5000E! ~Lan-
gen, Germany!. The minimum delay time of the correlato
was 0.2 ms. The time-averaged normalized intens
autocorrelation function, g2

t (q,t)5G2
t (q,t)/^I (q)&2

5^I (q,t)I (q,0)&/^I (q)&2 was measured. The superscript d
notes a time-averaged quantity. Due to nonergodicity,
colloidal gelsg2

t (q,t)Þg2
e(q,t), and the usual Siegert rela

tionship g2(q,t)511b@ f (q,t)#2 cannot be used to extrac
f (q,t) from g2

t (q,t). Here the coherence factorb increases
with the ratio of the speckle size to the detector area, and
a magnitude between zero and 1. Pusey and van Megen
veloped a method for extractingf (q,t) from g2

t (q,t) for
nonergodic samples, provided that the particulate scatte
undergo only limited Brownian displacements about a fix
position@27#. In such instancesf (q,t) may be obtained from
a single measurement ofg2

t (q,t), and a determination of the
ratio ^I (q)& t/^I (q)&e. The superscripts again denote time a
ensemble averages, respectively.

Alternatively, f (q,t) may be directly measured by collec
ing the time-averaged unnormalized intensity autocorrela
G2

t (q,t) at an ensemble of uncorrelated locations, averag
the results and applying the Siegert relationship directly@6#.
Figure 1 showsf (q,t) obtained by the two methods for
typical organophilic silica-hexadecane gel~n510 for the di-
rect method!. In light of the good agreement,f (q,t) was
determined by the method of Pusey and van Megen for
nonergodic samples. Correlation functions were collected
a duration that was 200 times longer than the largest repo
delay time.

Care was taken to apply a consistent temperature his
to all samples studied. Samples were maintained aT
560 °C for 15 min, at which time they were transferred
the scattering device which was maintained at the test t
perature. The specimen was allowed to equilibrate for
min before the initiation of a measurement.

C. Characterization of static structure factor S„q…

Figure 2 reports wide angle light scattering measureme
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of S(q) in the immediate vicinity of the gelation tempera
ture. Proximity to this critical temperature is quantified b
«5(T2Tgel)/Tgel. Since all the temperatures probed fa
within a range that is comparable to the minimum limit
temperature stability in the small-angle light scattering d
vice, measurements in this geometry were not pursued.
time evolution in the scattering intensity was observed at
temperature. From these data the absence of phase sepa
was concluded. Figure 2 demonstrates that as tempera
decreases toward the gel point, large changes inS(q) occur.
Below a critical temperature, we find that^I (q)& tÞ^I (q)&e.
This observation coincides with significant changes in
dynamic structure factor~cf. Sec. III!. Below the gelation
temperature little further effect of temperature onS(q) is
observed. Above the gelation temperature, the data are

FIG. 1. Comparison between the Pusey–van Megen met
@27# and the direct method of measuringf (q,t) of nonergodic sus-
pensions.

FIG. 2. Temperature dependence of the static structure fa
S(q) in the vicinity of the gel temperature. Filled symbols indica
nonergodic samples. Here«5(T2Tgel)/Tgel . The curves are fits to
the scalingS(q);(q21j22)21, where j is a phenomenologica
correlation length. The variation ofj in the fluid phase is plotted in
the inset figure. The curve is a power-law fit to the four datu
points in the fluid phase.
2-3
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MICHAEL J. SOLOMON AND PRIYA VARADAN PHYSICAL REVIEW E 63 051402
sistent with the scalingS(q);(q21j22)21, where j is a
phenomenological correlation length~cf. Fig. 2, inset!. Such
a behavior has been taken as evidence of an approach t
spinodal curve in organophilic silica-benzene adhes
sphere suspensions@10#. However, for the silica-hexadecan
system, gelation~loss of ergodicity!, rather than spinodal de
composition, is observed as the temperature is decrease
low the transition temperature.

Combined wide and small angle light scattering studies
S(q) at a number of volume fractions are reported in Fig.
The two sets of data were scaled by equating the meas
ment of each instrument at a value of the dimensionless s
tering vector,aq50.205. While the resulting arbitrary sca
of S(q) precludes an interpretation of its absolute magnitu
the shape of the scattering curves includes structural in
mation that can be deduced by model comparison. We
that a structure represented by the pair distribution func
g(r )5A exp(2r/j)rd23 is consistent with the experimenta
measurements. Herej is a cluster radius, andd is the fractal
dimension. The corresponding expression for the struc
factor is @28#

S~q!5S S~0!

@11~qj!2#~d21!/2D sin~d21!tan21~qj!

~d21!dj
. ~1!

The data of Fig. 3 were fit to Eq.~1!. Although the region of
fractal scaling is certainly limited for the measurements
the highest volume fraction, we findd52.4, independent o
volume fraction. The error ind, as estimated by analysis o
the fit sensitivity and residuals, is610%. Consideration of
the region of overlap between the small and wide-angle li
scattering data suggests that the small-angle device und
ports the scattering at the highest angles probed by the
strument (aq.0.2); however, exclusion of these data fro
the fits to Eq.~1! changedd andj by less than 5%.

FIG. 3. Volume fraction dependence of the static structure f
tor S(q) below the gelation temperature. The table lists model
rameters extracted from fits to Eq.~1!.
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The volume fraction dependence of the cluster radiusj,
is plotted in Fig. 4. Assuming that the fractal clusters
space in a way that is independent of volume fraction,
scaling j/a;f1/(d23) relates the two model parametersj
and d. This scaling, referenced to the experimental data
f50.10, is plotted for comparison in Fig. 4.

III. RESULTS

The effect of temperature on the intermediate scatter
function, or dynamic structure factor,f (q,t) is plotted in Fig.
5 for f50.055. Figure 5 shows the remarkable sensitivity
the dynamic structure to temperature~interparticle potential!.
At T5301.9460.02 K, the longest decay time of th
structure increases by orders of magnitude, and the sam
undergoes an ergodicity transition. At lower temperature

-
-

FIG. 4. Volume fraction dependence of the nondimensio
cluster radius,j/a. The filled symbols are from fits to experiment
data, which show a power-law scalingj/a;f21.1660.04. The addi-
tional curve shows the predicted scaling for fractal clusters w
fractal dimension,d52.4, that are distributed independent of vo
ume fraction.

FIG. 5. Temperature dependence of the dynamic structure fa
f (q,t) for adhesive spheres withf50.055. Fits are for Eq.~2!
above the gel temperature and Eq.~5! below the gelation tempera
ture.
2-4
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DYNAMIC STRUCTURE OF THERMOREVERSIBLE . . . PHYSICAL REVIEW E 63 051402
plateau inf (q,t) is observed at intermediate times. The p
teau, which at the lowest temperatures persists for more
five decades, and is followed by a final decay, of which o
the initial region can be resolved within the experimen
duration. We find that the temperature of the transition
f (q,t) is independent of the scattering vectorq. The effect of
temperature onf (q,t), depicted in Fig. 5, is typical of the
volume fraction range 0.01,f,0.1, although the transition
temperature is itself a function off. For example,Tgel
5296.7 K forf50.01, whileTgel5302.6 K forf50.10.

Characteristic decay times and structural features ma
extracted from the measurements plotted in Fig. 5 by ap
cation of models of the dynamics of the gel structure. T
modeling of the data above the gelation temperature is
scribed first. An account of the modeling below the gel po
follows.

Above the gelation temperature, the decay off (q,t) is
consistent with the stretched exponential form

f ~q,t !5exp@2~ t/ta!p#, ~2!

whereta is a characteristic decay time, andp is the argu-
ment of the stretched exponential. This expression forf (q,t)
was previously applied to low-volume fraction gels of co
loidal polystyrene@5#. We find that the stretched exponenti
decay is essential to describe the data aboveTgel, since in the
vicinity of the gelation temperaturef (q,t) lacks a well-
defined first cumulant~data not shown!. Of particular interest
is the dependence ofta on the dimensionless temperatu
difference«5(T2Tgel)/Tgel. The data are plotted as part o
Fig. 6. Forf50.055, we findta;«21.1360.03. The« depen-
dence of the parameterp will be discussed later.

Below the gelation temperature the decay off (q,t) is
more complex. Three regimes of behavior are observed.
initial decay in f (q,t) is followed by a plateau at intermed
ate times. An additional decay at long times is observed
recently reported model of the internal elasticity of colloid
fractal clusters is applicable to the first two regimes@5#. The

FIG. 6. « dependence of the characteristic timesta , tb, andtg

for the data of Fig. 5.
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dynamic structure factor is related to the mean squared
placement̂ Dr z

2&, of gel segments of length scalez;q21 by

f ~q,t !5exp@2q2^Dr z
2~ t !&/6#. ~3!

Krall and Weitz@5# found that the thermal excitation of nor
mal modes of the fractal cluster leads to expressions
^Dr z

2& of the general form

^Dr z
2&5d2@12exp~2t/tb!p# ~4!

Heretb is a characteristic decay time, andd2 is the charac-
teristic maximum mean squared displacement of the fra
cluster segments. The second decay at long times was
reported by Krall and Weitz. We determine this decay to
exponential with characteristic decay timetg . Consequently,
we fit the completef (q,t) dependence below the gelatio
temperature by the expression

f ~q,t !5expS 2
~qd!2

6
@12exp~2t/tb!p# Dexp~2t/tg!.

~5!

Empirically, we determinep;0.5 independent of tempera
ture for T,Tgel, and we maintain this parameter consta
throughout. Equation~5!, with p50.5, adequately model
the f (q,t) data forT,Tgel, as is shown in Fig. 5.

In the gel regime, the characteristic timestb and tg de-
termine the onset of the first and second decays, respecti
For f50.055 the«-dependence of these quantities is plott
in Fig. 6. From Fig. 6,tb;«20.8560.17 for f50.055. The
dependence oftg on « is not readily apparent from the fig
ure, so we refrain from assigning a functional dependenc
tg . The parameterd2 determines the value off (q,t) that
corresponds to the intermediate plateau. The« dependence of
d2 will be considered subsequently.

To characterize the dynamic structure of the therm
eversible gels more completely, the temperature depend
of f (q,t) at three other volume fractions was studied~f
50.010, 0.025, and 0.075!. Model parameters were extracte
from the data by means of Eqs.~2! and ~5!. Results are
reported in Figs. 7–10.

FIG. 7. « dependence of the characteristic timeta for 0.010
,f,0.075.
2-5
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MICHAEL J. SOLOMON AND PRIYA VARADAN PHYSICAL REVIEW E 63 051402
The dependence ofta on « is plotted in Fig. 7. Analyzing
the data at all volume fractions yieldsta;«21.1560.06. Fig-
ure 7 shows that to within the error of the power law fit, t
« dependence ofta is not a function of volume fraction. Fo
T.Tgel, the other model parameter isp, which characterizes
the stretched exponential decay. The« dependence ofp is
plotted in Fig. 8. Although the dependence has not b
correlated, Fig. 8 shows thatp decreases monotonically a
the gel point is approached. Just above the gel tempera
p;0.5, and this value persists, invariant of temperature
the temperature is decreased through the gel point into
gel regime.

Unlike the behavior forT.Tgel, that was shown in Figs
7 and 8, below the gelation temperature model parame
depend upon the volume fraction. In Fig. 9 the« dependence
of tb is reported.~Here, and for other plots of data below th
gelation temperature,«5uT2Tgelu/Tgel.! To correlate the«
dependence oftb while still accommodating the implici
volume fraction dependence, a master curve was gener

FIG. 8. « dependence of the argument of the stretched expon
tial p above the gelation temperature.

FIG. 9. « dependence of the normalized characteristic ti
tb /tb(«50.001) for 0.010,f,0.075. The volume fraction de
pendence oftb(«50.001) is plotted in the inset. Here, and in Fig
10 and 11, sinceT,Tgel , «5uT2Tgelu/Tgel .
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by normalizing data for each volume fraction bytb(«
50.001). By this method we findtb /tb(«50.001)
;«21.0060.07. To within its error this exponent is indepen
dent of volume fraction. The particular choice of«50.001
for the volume fraction normalization is not crucial; th
change in the power law exponent for a different choice
less than the error of the exponent. The volume fraction
pendence oftb(«50.001) used in constructing Fig. 9 i
plotted in the figure’s inset. Over the somewhat narrow
terval probed, 0.01,f,0.075,tb(«50.001);f21.8160.01.

The maximum mean squared displacement of gel se
ments,d2, which sets the value off (q,t) at the intermediate
plateau, was also determined. The« dependence ofd2 ~at
aq50.565! for the volume fractions studied is shown in Fi
10. As was the case fortb ,d2 exhibits a volume fraction
dependence that is accounted for by nondimensionaliza
with d2(«50.001). Consequently, we findd2/d2(«
50.001);«21.0560.07. The inset of Fig. 10 shows the vo
ume fraction dependence ofd2(«50.001). Here d2(«
50.001);f21.260.2.

It is of interest to investigate theq dependence of the
relaxation of dynamic structure, particularly with regards
the final exponential decay observed for all samples. Fig
11 plots theq dependence off (q,t) for a thermoreversible
gel with f50.055 and«50.001 ~i.e., T,Tgel!. The fits are
for Eq. ~5!, with p50.50. Analogous studies were conduct
for f50.010, 0.025, and 0.075. Over the volume fracti
and scattering vector range (0.15,aq,1.41) investigated
the model parameterstb andd2 are approximately indepen
dent of scattering vector~tb;q0.1 andd2;q20.2!. These ob-
servations provide further support for the applicability of t
Krall-Weitz fractal cluster dynamics model to describe t
initial decay of f (q,t) for the thermoreversible gel system
The long-time exponential decay off (q,t) is governed by
tg . The scattering vector dependence of this quantity
shown in Fig. 12. We find that scalingtg /tg(jq51) versus
jq generates a master curve, independent of volume frac

n-

e

FIG. 10. « dependence of the normalized maximum me
squared displacement of fluctuations of orderq21, d2/d2(«
50.001) for 0.010,f,0.075. The volume fraction dependence
d2(«50.001) is plotted in the inset.
2-6



e

i-
te

th
i

e
ur
ar
W
d
vo
cte
b
o

el
he
m-
of

the
-
cor-

the
ad-

in-

uch

n
uld

the
ot
ths
red

n-

the
the
than

r
s.

al
te,

on
if-
ous
ter-
c-
nt
w-
that,
e to
ible

rs-
rom
tter
on
, as
lot-
er-

e
ld

DYNAMIC STRUCTURE OF THERMOREVERSIBLE . . . PHYSICAL REVIEW E 63 051402
and «. Recall thatj is the f-dependent cluster size of th
thermoreversible gel. From Fig. 12,tg /tg(jq51)
;jq20.5360.06 for jq.1. The particular choices of nond
mensionalization and fit interval were chosen to facilita
comparison to the recent report of Cipellettiet al. for dilute
gels of aqueous colloidal polystyrene@17#.

IV. DISCUSSION

This study of dynamic structure has demonstrated
complex decay of particle density fluctuations that occurs
thermoreversible colloidal gels. The system, which und
goes an abrupt dynamical transition at a critical temperat
consists of colloidal particles whose potential interactions
well modeled by the adhesive sphere model of Baxter.
first discuss features of the static structure salient to the
namic behavior. We then consider the temperature and
ume fraction dependence of characteristic times extra
from photon correlation spectroscopy of the colloidal gels
application of the model of Krall and Weitz, modified t
account for the long-time behavior off (q,t). We discuss the

FIG. 11. q dependence off (q,t) for «50.001 andf50.055.
Curves are fits to Eq.~5!.

FIG. 12. q dependence of the characteristic timetg , plotted
according to the scaling suggested by Cipellettiet al. @17#.
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divergence of characteristic times in the vicinity of the g
point in light of the structure and potential interactions of t
system. The behavior of the thermoreversible gels is co
pared to recent studies of the dynamic structure factor
dilute, density matched aqueous polystyrene gels.

For thermoreversible gels, above the gel temperature,
static structure factorS(q) changed continuously with tem
perature. Just above the gel point, a phenomenological
relation lengthj increased dramatically. Theq dependence
of the structure factor was consistent with an approach to
spinodal curve, in agreement with observations for other
hesive sphere dispersions. Although over the temperature
terval studied a phenomenological correlation lengthj,
obeyed a power law scaling, the studies at very lowq and
very small« that would be required to determine ifj truly
diverged at the gel point were not conducted. Instead of s
a divergence, it is possible that the fluid phasej grows to
some critical value, at which point an ergodicity transitio
occurs. The correlation length present at the transition wo
then persist into the gel phase, since little change inS(q)
was observed as the temperature was decreased below
gel point. The data plotted in the inset of Fig. 2 are n
sufficient to resolve the issue, since the correlation leng
extracted for the fluid and gel phases cannot be compa
quantitatively.@The former were obtained from the Ornstei
Zernike equation, while the latter were from Eq.~1!.# Thus
the conclusions that can be drawn from Fig. 2 are limited:~1!
The behavior of the adhesive sphereS(q) in the fluid phase
above the gel point is consistent with an approach to
spinodal curve.~2! For reasons that are not understood, at
critical temperature the adhesive spheres gel rather
phase separate.

The gel phaseS(q) was consistent with the fractal cluste
model of Ref.@28#, except at the highest volume fraction
The fractal dimension of the system,d52.4, was large rela-
tive to other systems, particularly dilute aqueous colloid
polystyrene gels formed by addition of divalent electroly
for which diffusion-limited aggregation (d51.8) has been
reported@7,8#. The difference between the fractal dimensi
of the two gel systems is most likely explained by their d
ferent aggregation mechanisms. In the dilute gels of aque
polystyrene, strong aggregation due to van der Waals in
actions (DUmin /kT,.1000) occurs when the repulsive ele
trical double layer is destabilized by the addition of divale
electrolyte. The aggregation is strong and irreversible. Ho
ever, adhesive spheres gel according to a mechanism
although poorly understood, has some correspondenc
spinodal decomposition, and results in only weak, revers
aggregation between colloids (DUmin /kT,10) @29,30#.

Additional structural differences between thermoreve
ible and dilute aqueous polystryene gels can be inferred f
Fig. 4. It has been reported that fractal clusters of the la
fill space in a way that is independent of volume fracti
@7,8#. This is not the case for the adhesive sphere gels
demonstrated by the different scaling of the two curves p
ted in Fig. 4. For the organophilic silica-hexadecane th
moreversible gels, the effective volume fraction~based on
the cluster radius,j!, varies by about a factor of 2 from th
lowest volume fraction to the highest. This difference cou
2-7
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conceivably be due to differences in the volume fract
range studied for the two systems~aqueous polystyrene gels
f;1024– 1023; thermoreversible gels:f;1022– 1021!.
Cluster polydispersity might play a role, particularly sin
the characteristic peak inS(q) observed for dilute gels o
monodisperse clusters is not apparent for the adhesive sp
gels. The610% error in the characterization of the fract
dimensiond could also be relevant, since the slope of t
curve plotted in Fig. 4 is a sensitive function ofd. Alterna-
tively, the observations of Fig. 4 might again signify re
differences between the gelation mechanisms of the two
tems.

The characterization ofS(q) establishes the fractal cluste
structure as a plausible basis from which to interpret
dynamics of thermoreversible gels. Because the potentia
teraction of the adhesive colloidal spheres is sensitive to t
perature, and because temperature can be precisely
trolled during photon correlation spectroscopy, the
suspensions are a good model system with which to st
colloidal gelation. Above the gel temperature, the dynam
structure,f (q,t), which characterized the decay of partic
density correlations, exhibited a single, stretched expone
decay. Below the gel temperature, the decay was more c
plex. An initial, stretched exponential decay off (q,t) was
arrested at a plateau value that persisted for as long as
decades in time. At a later time,f (q,t) again decayed expo
nentially. The two-stage decay is a persistent feature of
thermoreversible gel dynamic structure factor below the
lation temperature. Possible artifactual origins of the lon
time decay related to laser stability, temperature stabi
and sedimentation have been considered by the autho
has been concluded that each inadequately explains the
served behavior.

The argument of the stretched exponential relaxationp,
of f (q,t) contains implicit information about the hierarch
of intracluster elastic modes that contributes to the deca
density correlations in the gel. The Krall-Weitz model
fractal cluster dynamics relates the stretched exponentia
laxation of f (q,t) to the length-scale-dependent bond spr
constantk(s), wheres is the length scale of an elastic mod
Because theory and simulation suggest that the fractal clu
is more compliant on longer length scales,k(s);s2b where
b is the elasticity exponent. In the Krall-Weitz model th
argument of the stretched exponential and the elasticity
ponent are related byp5b/(b11). From computer simula
tion of clusters formed by diffusion-limited aggregation,b
;3.1 @31#. For dilute aqueous polystyrene gels,p50.7, and
thusb52.3 @5#.

The suspensions studied here exhibit an« dependence o
p above the gel temperature. Over the temperature ra
studiedp decreased from about 0.8 to 0.5, independen
volume fraction. Below the gel point,p50.5 independent of
f and «. Thus, for the thermoreversible colloidal gels, w
find b51.0, a value that is significantly lower than that
the dilute aqueous polystyrene gels. This result is a cen
conclusion of our study, and demonstrates the remark
differences in dynamic structure between these two type
colloidal gels.

A recent computer simulation of gel networks wi
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particle-particle bonds possessing angular rigidity foundb
;1.1– 1.3@32#. ~For example, a trimer aggregate is a simp
structure with angular rigidity. Singly connected partic
pairs with bonds that transmit only central forces possess
angular rigidity.! This exponent is far smaller than fo
diffusion-limited aggregation, and demonstrates that the
clusion of particle-particle bonds with angular rigidity re
ders the structure less compliant on longer length sca
Thus the discrepancy between the elasticity exponentb of
the thermoreversible colloidal gels and aqueous polystyr
gels is potentially explained by the angular rigidity of loc
structure.

Possible explanations for differences in the angular rig
ity of the thermoreversible and dilute aqueous polystyre
gels are as follows. First, the greaterf of the thermorevers-
ible gels may present greater opportunities for the format
of multiparticulate structures that are angularly rigid. Se
ond, the enhanced surface roughness of the inorganic s
particles relative to the polystyrene colloids may cause
locking of aggregated particles with resultant noncen
forces and angular rigidity. Third, thermoreversible ge
form by a mechanism that has some similarities to spino
decomposition while aqueous polystyrene gels form by a
netically controlled aggregation mechanism. The former c
results in gels of a greater fractal dimension. The den
thermoreversible gels may again have more multiconnec
and, therefore, angularly rigid regions.

Finally, we note that the approach to gelation as the te
perature is decreased in thermoreversible gels appears
accompanied by an increase in bond angular rigidity. Thi
demonstrated in Fig. 8, where the elasticity exponent
creases as the temperature is decreased toward the gel
The effect saturates at gelation, whereb51.0.

The above inferences about the elasticity exponent
rived from experimental observations ofp are consistent
with the volume fraction dependence of the model para
eterstb and d2. While for dilute aqueous polystyrene ge
the reported scalings aretb;f23.9 and d2;f22.7 @5#, the
exponents are significantly smaller for thermoreversible g
tb;f21.8 andd2;f21.2 ~cf. the insets of Figs. 9 and 10!.
This discrepancy is explained by differences in cluster co
pliance. For fractal clusterstb;j (11b) andd2;jb, wherej
is the cluster radius@5#. For thermoreversible gels, from Fig
4, j;f21.16. Using this scaling and the previously chara
terizedb51.0, the small scaling exponents of the adhes
sphere gels are predicted.

Although the success of the Krall-Weitz model of fract
cluster dynamics in modeling the initial and intermediate b
havior of the adhesive sphere gels is remarkable, the in
pretation of the data in this way is not unambiguous. Rec
ing again that static light scattering studies show the st
correlation lengthj;f21.1660.04, we note, however, that the
Krall-Weitz model provides an alternative estimate of a~dy-
namic! correlation length,Rc;tb /d2;f20.660.21. If the
magnitudes oftb andd2 were solely determined by the no
mal modes of the fractal clusters, the two scalings would
congruent. The lack of agreement points to the possibility
additional mechanisms of cooperative dynamics in the ad
2-8
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sive sphere gels. Another potential origin of the discrepa
is the limited range over which the volume fraction scalin
were collected. Alternatively, the clusters formed at t
higher volume fractions studied may be too small~c.f. the
inset table of Fig. 3! to exhibit fractal scaling.

The divergence of characteristic times at the gel poin
reminiscent of the behavior at the colloidal hard sphere g
transition. For hard spheres, as the glass transition is
proached from the fluid side, the mode coupling theoret
prediction of the divergence exponent ofta is 22.58. In the
amorphous glass, thea relaxation is quenched while theb
relaxation persists. The mode coupling prediction of the
ponent fortb is 21.66 @33#. The analogous experimenta
scalings for the thermoreversible gels areta;«21.15 and
tb;«21.00. A prediction of these exponents for the adhes
sphere suspensions, perhaps by means of mode cou
theory, awaits further theoretical development~see, however,
recent reports in Refs.@2#, @34#!. Here we briefly consider the
« scaling of characteristic times in light of the fractal clus
model of gel dynamics.

Specifically, if the characteristic timesta and tb scale
with the cluster relaxation time, as is implied by Eqs.~2! and
~5! and the model of Krall and Weitz, thenta;tb

;t0(j/a)b11, with b51.0 for thermoreversible gels. Her
t0 is the relaxation time arising due to the viscous damp
of a single bond with spring constantk0 . Due to the appar-
ent approach to the spinodal curve~cf. Fig. 2! observed
above the gel point,j;«21/2 ~mean-field behavior! might be
expected in this region, approximately, as has been obse
for the organophilic silica/benzene system@10#. Thus the in-
crease in cluster size that occurs as the gel point is
proached from above provides one possible explanation
the« dependence of the divergence ofta . However, we note
that this simple explanation is complicated by three facto
first, for jq.1, deviations from the mean-field scaling a
anticipated; second, the« dependence ofj in the fluid close
to the gel point is not known~j might diverge or smoothly
cross over to the gelj!; third, b itself is a function of« ~cf.
Fig. 8! above the gel point.

This approach cannot explain the« dependence of the
divergence oftb , since in the region below the gel point th
cluster radius does not vary significantly with temperature
the absence of a significant effect of« on the cluster radius
j, in the gel regime, we conclude that the rapid decreas
tb below the gel point as the temperature is decreased i
cates the local stiffening of the gel network. The decreas
the maximum mean-squared displacement (d2;«21.05) be-
low the gel point is a further manifestation of the stiffenin

Thus the dramatic changes in dynamics below the
point, which occur without accompanying changes in sta
structure, point to an unexpected sensitivity of the sin
bond relaxation timet0 ~and thus also the bond spring co
stantk0! to the temperature and interparticle potential in t
vicinity of the gel point. To demonstrate the sensitivity, w
recallt;t0(j/a)b11 for fractal clusters@5#. Since below the
gelation temperature neitherb nor j exhibits a significant«
dependence, we conclude that dynamical effects must o
nate with changes in the local parametert0 . Direct observa-
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tion of local gel structure and dynamics is being pursued
address this unresolved issue.

The long-time decay off (q,t), characterized by the time
tg , observed for all samples below the gel temperature, p
sesses some similarities to recently reported observation
dilute aqueous polystyrene gels@17#. In the latter case, the
decay was attributed to long time aging and gel structu
evolution. To summarize the results of Cipellettiet al., the
decay inf (q,t) was faster than exponential~argument of the
exponential;1.5!, and scaled asq21.0260.02. These observa-
tions were found to be consistent with gel syneresis. For
thermoreversible gels studied here, we find different beh
iors: the long-time relaxation off (q,t) is exponential, and
the decay time,tg , scales asq20.5360.06. The observed dif-
ferences between the thermoreversible and dilute aque
polystyrene gels might be explained by the very differe
potential interactions present in the two systems. For aq
ous polystyrene gels that aggregate due to van der W
interactions, the interaction potential at contact is ve
strong:DEmin /kT.1000. For the thermoreversible gels, th
potential interaction at contact is much weaker:DEmin /kT
;10. In the former case aggregation is irreversible, syner
may occur, and the particle surfaces may even deform du
the strong attraction@17#. In the latter case, where interactio
is weaker, disaggregation processes may occur with a p
ability governed by the Boltzmann factor exp(2DEmin /kT),
that is small but not zero. Thus rare disaggregation eve
would provide an additional mechanism for the long-tim
decay off (q,t). Consequently, according to our descriptio
whether the long-time decay off (q,t) in a particular system
would occur due to a syneresis or disaggregation mechan
would depend upon the strength of the interparticle poten
at contact. It is interesting to note that the disaggregati
aggregation hypothesis is not necessarily an aging me
nism, since such rare events would occur even at equ
rium. In fact, no observable evolution of the static intens
of the gels was observed over times up to three times as
as the photon correlation spectroscopy measurement time
this study. Nevertheless, aging studies to times on the o
of 106 s, as performed, for example, by Cipellettiet al., have
not been performed for adhesive sphere gels at this time

The detailed study of the role of disaggregation in t
long-time decay off (q,t), necessary to predict both th
magnitude and scattering vector dependence oftg quantita-
tively, is beyond the scope of the present paper. Here
note that the observed values oftg are not inconsistent with
the disaggregation hypothesis. Specifically, forq;a21, we
expecttg;t0 exp(DEmin /kT);t0 exp(tB

21), where tB is the
Baxter interaction parameter, andt0 is the single particle
relaxation time. Given the observed values ofta , tb , and
j/a, t0;1021– 1022 s, close to the gel point. Previous me
surements lead us to expecttB;0.1 at gelation for the vol-
ume fraction range studied@3#. Thus disaggregation pro
cesses are predicted to contribute to the decay off (q,t) at
tg;102– 103 s, which is the observed range. Consequen
this simple analysis does not rule out the possibility th
more than one mechanism@i.e., disaggregation~this work!
and syneresis~Cipelletti et al.!# may contribute to the long-
2-9
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time dynamics of colloidal gels, especially when the stren
of interparticle interactions is weak. However, this conc
sion requires further investigation, since neither theq nor «
dependence oftg can currently be explained by such qua
tative arguments.

In conclusion, this study has shown the usefulness of
fractal cluster model of Krall and Weitz for extracting cha
acteristic times in the decay of density correlations of th
moreversible gels of adhesive spheres. Interesting dif
ences between the dynamic structure of previously stud
dilute aqueous polystyrene gels and thermoreversible
have been quantified. As evidenced by differences in th
elasticity exponentsb, which characterizes the spatial sca
ing of the gel compliance, the structure of thermoreversi
colloidal gels appears to possess greater angular rigidity
the dilute aqueous polystyrene gels. Differences in the
havior of the long-time decay off (q,t) were attributed to
s

s
.
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y
.

.

n

z,

D
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differences in the strength of interaction between the t
materials. Finally, the remarkable sensitivity of the char
teristic timesta and tb to «5(T2Tgel)/Tgel could not be
fully understood in terms of the dynamics of fractal cluste
Thus we suggest that alternative approaches that dire
consider coordinate local dynamics might prove more fru
ful in understanding the« dependence of the divergence
characteristic times in the vicinity of the gelation transitio
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