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Floc structure
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Percolation
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Gel rheology



Gel rheology
• Elastic modulus, yield stress, yield strain

• Model and “real” systems:

- polystyrene latices in water 
flocculated (salts) or with non-adsorbing polymer

- poly(methyl methacrylate) in organic solvents 
with non-adsorbing polymer – “depletion” gels

- “organophilic” silica in organic solvents 
with non-adsorbing polymer or “thermoreversible”

- mineral suspensions 
typically aqueous, flocculated by addition of salts
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compressive 
yield stress

shear yield stress

Polystyrene latex in salt solutions

Compression — dewatering and filtration
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570 C H E N  A N D  R U S S E L  

dissolved in toluene, we obtained the nor- 
malization coefficients and  then tested them 
with a different standard (Mw = 1.86 × 10 6 
and Mw/Mn = 1.12) in toluene. The  resulting 
molecular  weight and radius o f  gyration, i.e., 
Mw = 2.05 × l 0  6 and R e = 67 nm,  agree rea- 
sonably well with published values, i.e., Rg 
= 67.5 n m  for Mw = 1.86 × 10 6 (44) .  

Dispersions o f  M 4 H E X  and  M 5 H E X  scat- 
tered too strongly for static light scattering 
studies at the volume fraction o f  interest, but  
M 6 H E X  samples proved satisfactory with 
0.0069 ~< q5 ~< 0.055 prepared by successive 
dilution with ultrafiltered solvent f rom a stock 
suspension of  ~b - 0.44. To  examine  the effect 
of  temperature,  and thus the strength o f  the 
attraction (~I'm), on the structure, we took 
measurements  at nine temperatures  between 
25 and 55°C. Prior to each measurement ,  
sample vials were placed in a temperature bath 
at the same temperature  as the cell, so that  
samples were thermally equilibrated. Repeated 
measurements  agreed within 3%. 

R E S U L T S  A N D  D I S C U S S I O N  

Small Amplitude Oscillatory Experiments 
Small ampli tude oscillations enable us to 

characterize the rigidity o f  silica gels. The 
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FIG. 3. G' vs w at temperatures between 20 and 30°C 
and a strain of 0.01 for sample M4HEX with ~ = 0.182. 
20°C (A), 22°C (~)), 24°C (+), 26°C (.), 28°C (0), 
29°C (l) ,  and 30°C (A). 

modulus  o f  a solid possesses both low- and  
high-frequency plateaus (Fig. 2),  bu t  the 
modu lus  o f  a fluid exhibits only the latter with 
a con t inuous  relaxation toward zero at low 
frequencies (45) .  We examined the elastic 
modulus  o f  these flocculated silica suspensions 
at a strain o f  0.01 for frequencies f rom 10 -1 
to 10 2 rad /s .  Da ta  for sample M 4 H E X  with 
q5 = 0.182 in Fig. 3 reveal an elastic modu lus  
on the order  o f  103 P a - s  at 24°C or  lower. 
Since G' increases only slightly with frequency, 
i.e., a factor o f  2 over  a frequency range o f  3 
decades, we approximate  G'  as independent  
o f  frequency. The  interparticle at tract ion be- 
comes weaker  as temperature  increases; con-  
sequently, the elastic modulus  decreases sig- 
nificantly. At  temperatures  below 29°C,  the 
modul i  exhibit the characteristics o f  a solid, 
but  with increasing temperature  the modu l us  
drops by orders o f  magni tude.  At 30°C G '  is 
detectable only at frequencies higher than  10 
rad/s ,  revealing the characteristic o f  a fluid. 
The  sharp t ransi t ion f rom a solid-like gel to a 
fluid dispersion within 1 °C enables us to de- 
termine the gel t ransi t ion temperature  (Tgel) 
as a funct ion o f  silica vo lume fraction f rom 
the mechanica l  measurements .  

Figure 4 is a gel transit ion diagram for the 
three particle sizes studied. At temperatures  
above the boundary ,  the dispersion is a fluid; 
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below the transition temperature,  the suspen- 
sion is a rigid solid with a high elastic modulus. 
The  solid-liquid transition temperature  in- 
creases with volume fraction. All the small 
ampl i tude oscillatory measurements  reported 
in the remainder of  this study pertain to silica- 
hexadecane systems in the region well within 
the gel region even at low volume fractions, 
such as ~b = 0.04. 

To  study the effect of  temperature  on the 
gel structure, we conducted a series of  transient 
measurements  to moni tor  the elastic modulus  
as temperature  decreases. Results suggest that 
as soon as the temperature reaches Wgel the 
elastic modulus  increases rapidly until reach- 
ing a plateau. For instance, at a cooling rate 
o f 0 . 7 ° C / m i n ,  G'  o f a  M 6 H E X  sample jumps  
f rom being nondetectable to a constant of  
0(  l0 4) Pa within 6 min, suggesting that the 
rearrangement  within the flocculated network 
occurs relatively fast and eventually assumes 
a pseudo-equil ibrium in the plateau regime. 

At small strains, G'  attains a plateau, but 
decreases rapidly at strains beyond Ema x which 
is typically 0.01 ~ 0.10. A silica gel at a tem- 
perature well below T~el is much  more  brittle 
than  one close to the transition boundary,  as 
clearly demonstrated in Fig. 5 with G'  nor- 
malized by its plateau value (G~). Note  that 
6max at 29°C, just below the transition for this 

sample, is almost an order of  magnitude larger 
than at 20°C. Similarly, measurements at a 
constant temperature (24°C) and a constant 
frequency (1 rad / s )  over a range of strains 
and volume fractions suggest that samples with 
lower volume fractions can sustain higher 
strains than those with higher volume fractions 
(Cmax ~ 0.05 with ~b = 0.078 and ~max ~ 0.02 
with q~ = 0.273). The above results show that 
these silica-hexadecane gels possess low strain 
plateaus due to solid-like structures that frac- 
ture at finite strains, ~max. The yield strain in- 
creases with increasing temperature and de- 
creasing volume fraction; G'  falls rapidly at 
larger strains. 

At 20°C, measurements  suggest that G' 
varies with ~ following a power law of order 
3. We fit the data as G'  =/3(a)  q~ 3 (Fig. 6), but 
found no systematic variation of /3(a)  with 
particle size within experimental uncertainties. 
This is consistent with results from static light 
scattering and cloud point experiments on sil- 
ica dispersed in n-dodecane (9, 10). However, 
the range of the particle sizes is rather limited, 
so one can draw no definitive conclusions 
about the effect of  particle size on the rheo- 
logical properties of  the bulk suspension. 

To illustrate the temperature dependence 
of the elasticity, we plot G'  vs ~ at several tem- 
peratures for M 5 H E X  (Fig. 7) and M4HEX 
(Fig. 8). The straight lines show the best power i:! 
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with/3(a) = (7.4 -+ 3.4) X 105,( ) for data of M5HEX 
(*) with/3(a) = (3.2 + 1.1) X 105, and (---)  for data of  
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- (1.4 +0 .8 )  X 106and 3, = 3.3_+ 1.6, at 22°C c~ = (2.6 
+ 1.4) X 1 0  6 and 3" - 3.9 + 1.7, at 24°C c~ = (8.8 _+ 3.2) 
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FIG. 7. G' vs ~b for M5HEX at 20°C (*),  22°C ( 0 ) ,  
24°C (©), and 26°C (A).  Solid lines are the best fits of  
power laws, i.e., G' = c~4~ ~. At 20°C c~ = (5.4 _+ 1.4) X l0 s 
and 3, = 3.2 + 0.7, at 22°C a = (7.3 _+ 2.2) X l0 s and 3' 
= 3.6 _+ 0.9, at 24°C c~ = (6.6 + 1.5) X 105 and 3, = 3.8 
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+ 0.5. 

Covlslanl Stress Measurements 

C o n s t a n t  s t r e s s  e x p e r i m e n t s  s h o w e d  t h a t  
n e a r  t h e  t r a n s i t i o n ,  a s i l i ca  s u s p e n s i o n  p o s -  
s e s s e d  a t y p i c a l  l i n e a r  v i s c o e l a s t i c  b e h a v i o r .  
H o w e v e r ,  r e p e a t e d  m e a s u r e m e n t s  r e v e a l  a 
s t r o n g  d e p e n d e n c e  o n  t h e  s h e a r  h i s t o r y  d u e  t o  
i r r e v e r s i b l e  d e f o r m a t i o n  f r o m  t h e  u n p e r t u r b e d  
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FIG. 9. Constant stress measurement at 1.0 Pa and 30°C 
(just below its phase transition boundary) for M4HEX 
with q~ = 0.273. 
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1.5 times that of the same suspension at the high temperature, hard-sphere limit. Again,
this may be attributable to the limited q range we could observe. However, we note that
Chen and Doi ~1993! developed a simulation of sheared aggregating suspensions and
report no changes in structure during shear thinning. In addition, Heyes et al. ~1991! and
Melrose and Heyes ~1993! report Brownian simulation results of aggregated suspensions
indicating that during shear thinning, dense regions are produced that are many particle
diameters in size. Both of these studies suggest that shear need not fully disrupt clusters.
Finally, Lin et al. ~1990! report shear densification of dilute suspensions of fractal gold
sols and Muzny et al. ~1995! observe shear densification in dilute silica gels.
As shown in Fig. 7, a increases with f at fixed strength of interaction ~i.e., at fixed

temperature! and for a fixed volume fraction a increases with the strength of the attrac-
tion. Recently, Potanin et al. ~1995! built on the models of de Rooij and co-workers
~1993, 1994! to present a formalism for characterizing rate processes occurring in aggre-
gated suspensions. In their model, bonds between aggregates can by soft or rigid. Only
rigid bonds transmit an elastic stress. At high shear, this model predicts the aggregate size
capable of transmitting stress decreases while the number density of rigid bonds de-
creases as 1/ġ . If a suspension is subjected to a high shear rate, which is then set to zero,
one may use the approximate initial condition that the density of rigid interfloc bonds is
zero and that all interfloc bonds are soft. The rate of increase in G8 will then be directly
related to the rate of growth in rigid bond density. The model of Potanin et al. predicts
that at short times after cessation of flow

FIG. 8. Elastic modulus, G 8̀ as a function of volume fraction f for several temperatures below TG ~s 5 100
nm, in decalin!. The lines are drawn to indicate a power-law relationship G 8̀ ; fx being a function of
temperature. Values of x are summarized in Table II.
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The rigid floc volume fraction will be of the order unity at long times suggesting the
increases in atD with increasing volume fraction or decreasing temperature seen in Fig.
7 can be associated with decreases in the size of the aggregates transmitting stress. For
example at f 5 0.3 as the temperature decreases from 3.5 to 0 °C, we estimate the
effective floc size decreases by a factor of 6.
Finally, we note that the arguments of Potanin et al. are designed to describe the

behavior of systems that gel at all volume fractions where they restrict attention to the
low volume fraction region. Under these conditions, this model predicts
atD . f1[3b]/[32D] giving a power-law exponent of atD ; fs with 6.7 , s
, 9.2. In Fig. 7, atD increases with f, the effective power-law exponent ranges from 2
to 3 and decreases as one moves away from the gel volume fraction or the gel tempera-

FIG. 10. Maximum linear strain, gM as a function of volume fraction, f, at several temperatures ~s 5 100 nm,
in decalin!.

TABLE II. Power-law exponents for gel mechanical properties.

Temp 0 °C 1 °C 1.5 °C 2 °C 3 °C 3.5 °C 4 °C

xa 4.4 4.8 4.7 4.4 5.1 5.0 5.6
tb 24.0 24.2 23.9 23.7 21.8 20.8 20.7

aPower-law exponent relating G 8̀ to volume fraction: G 8̀ ; fx. Uncertainties in x are 60.4.
bPower-law exponent relating gM to volume fraction: gM ; f t. Uncertainties in t are 60.2.
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low volume fraction region. Under these conditions, this model predicts
atD . f1[3b]/[32D] giving a power-law exponent of atD ; fs with 6.7 , s
, 9.2. In Fig. 7, atD increases with f, the effective power-law exponent ranges from 2
to 3 and decreases as one moves away from the gel volume fraction or the gel tempera-

FIG. 10. Maximum linear strain, gM as a function of volume fraction, f, at several temperatures ~s 5 100 nm,
in decalin!.

TABLE II. Power-law exponents for gel mechanical properties.

Temp 0 °C 1 °C 1.5 °C 2 °C 3 °C 3.5 °C 4 °C

xa 4.4 4.8 4.7 4.4 5.1 5.0 5.6
tb 24.0 24.2 23.9 23.7 21.8 20.8 20.7

aPower-law exponent relating G 8̀ to volume fraction: G 8̀ ; fx. Uncertainties in x are 60.4.
bPower-law exponent relating gM to volume fraction: gM ; f t. Uncertainties in t are 60.2.
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Rescaling of volume fraction on similar suspensions has met with success in the
studies of Grant and Russel ~1993!. These authors argue that above the gelation limit
~f2fG! represents the natural variable for describing increases in elastic modulus as it is
a measure of the number of bonds made above and beyond those required to form a
network. For octadecyl silica suspensions similar to those investigated here, G 8̀ ; (f
2 fG)S with s 5 3. While this form certainly collapses our data ~Fig. 11!, we find a
substantially better correlation with G 8̀ ; (f/fG)y for y 5 4.960.4, while if G 8̀
; (f/fG21)p,)p 5 260.3 ~Fig. 12!. Takagawa et al. ~1992! report that the elasticity
of poly ~vinyl alcohol! gels can be well correlated with (c/cG21) t, where t 5 2.3.
The second method of collapsing the modulus data involves shifting all modulus

curves in Fig. 8 vertically to achieve superposition. Choosing the G 8̀ data at T 5 1 °C as
a basis, superposition is achieved when G 8̀ (f ,T) 5 G 8̀ (f ,274)e2(T2274) ~Fig. 13!,
where G 8̀ (f ,274) ; f4.8. Jansen et al. ~1986! and Rouw et al. ~1988! developed a
square well attraction model based on Flory–Krigbaum theory ~1950! for the octadecyl
silica systems suggesting e/kT 5 2A(Tu/T21). Second virial coefficient measure-
ments suggest Tu is 319–356 K, indicating that over the temperature range of interest this
can be rewritten: e/kT 5 2A8(12T/Tu). If we assume G 8̀ ; exp(2e/kT), we predict,

G8̀ ~f,T! 5 G8̀ ~f,TR!expH
A8TR
Tu

S12
T
TR

DJ, ~6!

where TR is the reference temperature of 274 °C. Comparing this prediction with the
results of the vertical shift of the modulus data required to generate Fig. 13 suggests

FIG. 12. Scaling of G8 on ~f/fG21! at various temperatures ~s 5 100 nm, in decalin!. The collapse of the
data suggests that G8 ; (f/fG21)p with p 5 2.060.3.
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DL!Q"!r /D0 and stretching exponent " are obtained by fit-
ting a stretched exponential to the long-time behavior of the
dynamic structure factor !Fig. 7". DL!Q"!r /D0 shows first a
modest and then a sharp decrease with increasing cp for all
QR values. This indicates that particle attraction slows down
particle motions and, in the vicinity of the gelation boundary
!cp /cp

! #0.4", the particles start to be localized, signaling the
approach of dynamical arrest. The stretching exponent " is
always below 1 with an approximately constant value of
about 0.8 for cp /cp

! $0.25 and a sharp decrease to about 0.5
at cp /cp

! =0.32. This indicates that upon approaching the ge-
lation boundary, density fluctuations increase, broadening the
distribution of effective long-time collective diffusion coef-
ficients, consistent with the increasing correlation length % of
structural heterogeneities observed by SLS and microscopy
!Fig. 3". The connection between structural and dynamical
heterogeneities is supported by simulations47 and confocal
microscopy measurements on similar, less concentrated
PMMA-PS mixtures.43,45

B. Samples under shear

Dynamic frequency sweeps !DFSs" are reported in Fig. 8
for samples below !A" and above !B" the macroscopic gela-
tion boundary, cp /cp

! =0.4 !Fig. 1", with the frequency &

given in rad/s !top axis" and in units of the Brownian diffu-
sion time in the dilute limit '0=R2 /D0#4(10−2 s !bottom
axis".

Without polymer !cp /cp
! =0", the response is characteris-

tic for concentrated hard-sphere suspensions,79 with viscous
modulus G! larger than the elastic one, G", and a liquidlike
frequency dependence. The elasticity is still finite though,
i.e., G")0.

For cp /cp
! =0.1 and 0.2, G! still exceeds G" over the

whole frequency range. However the mechanical moduli
show the same frequency dependence, which can be de-
scribed by a power law with an exponent of about 0.55. The
larger G" compared to hard spheres arises from enthalpic
contributions due to the interparticle attraction. The observed
response shows interesting similarities to that measured in
chemical and physical polymer gels, in particular, in partially
cured or weakly cross-linked materials at the percolation
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FIG. 7. !Color online" !a" Normalized long-time diffusion coefficient
DL!Q"!r /D0 and !b" stretching exponents " as a function of polymer con-
centration cp /cp

! for different scattering vectors QR=0.7 !!", 1.35 !"", 1.9
!#", and 2.35 !#".
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FIG. 8. !Color online" DFSs with elastic !storage" modulus G" !filled sym-
bols" and viscous !loss" modulus G! !open symbols" as a function of fre-
quency & in units of the instrument !top axis" and in units of the inverse
diffusion time in the dilute limit '0=R2 /D0#4(10−2 s !bottom scale".
Samples below the macroscopic gelation boundary !cp /cp

! *0.4" are shown
in the upper, in the gel region !cp /cp

! )0.4" in the lower plot with polymer
concentrations cp /cp

! =0 !#", 0.1 !$", 0.2 !#", 0.25 !#", 0.32 !"", 0.4 !!",
0.5 !#", 0.7 !$", 0.8 !#", 1.0 !#", 1.5 !"", and 2.0 !!". Lines are MCT
predictions for G" !solid lines" and G! !dashed lines" !Sec. IV B". The
straight lines in !a" indicate the typical scaling in a Newtonian liquid, G"
$&2 and G!$&.
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data. This minimum reflects the presence of an ! relaxation
in the theoretical dynamics, which is in qualitative agreement
with the rheological response !Fig. 8". We attribute the quan-
titative discrepancy of the relaxation times and of the de-
tailed frequency dependence to the above mentioned differ-
ences between the dynamics of the experimental system and
the glassy dynamics implicit in the theoretical model.

C. Polymer concentration dependence of the elastic
modulus by mode coupling theory

In addition to the full frequency dependence discussed
above, we now consider the cp-dependence of the elastic
modulus G! at a fixed !low" frequency ". We compare our
experimental data obtained for "=0.1 rad /s !Fig. 11, filled
circles" to MCT predictions based on the F12

!#̇" model as above
!open triangles", and MCT-PRISM predictions.38,46 MCT-
PRISM was recently applied to silica spheres-PS mixtures at
volume fraction $#0.4 and shown to correctly reproduce
the cp-dependence of the measured G!!"=1 Hz" over a
range of cp.38 In this study, a gel was experimentally defined
on the basis of rheological measurements as a sample for
which G!!"=1 Hz"%G" and G!%10 Pa. Applied to our
measurements this definition implies a gelation boundary at
cp /cp

! =0.25. $In contrast, according to our criterion for a gel,
the sample with cp /cp

! =0.25 is not considered a gel because
it still shows structural relaxation !Fig. 4" and thus a fluidlike
response.% The range of polymer concentrations investigated
in Ref. 38 should thus be compared to 0.25&cp /cp

! &0.5 in
our measurements, i.e., in the vicinity of “our” gelation
boundary.

MCT-PRISM predictions for G! !Fig. 11, blue solid line
in the inset" are considerably larger than our experimental
data. In order to compare the functional dependence we res-
caled the theoretical predictions. The best match with the
experimentally observed trend was obtained for a scaling
factor of about 1/4 !dotted red line". This results in fair
agreement; the increase in the experimentally observed G! is
slightly more pronounced than predicted. A scaling factor
was already proposed earlier38 to account for the difference
in the structure assumed in MCT-PRISM, a homogeneous
fluid, and the silica-PS gels, which show structural heteroge-
neities in small-angle x-ray scattering experiments.40 Struc-
tural heterogeneities are also present in our samples with
cp /cp

! %0.25 according to our SLS and DIC microscopy ex-
periments !Figs. 2 and 3". The scaling factor giving quanti-
tative agreement between experimental data and MCT-
PRISM predictions was calculated from the ratio between
the particle density and the density of particle clusters !with
a size corresponding to the characteristic length of structural
heterogeneities".38 The characteristic length of structural het-
erogeneities, derived from scattering experiments,40 re-
mained constant with increasing cp for silica-PS gels. In our
case one has to assume a particle cluster size of about 1.6
particle diameters to obtain the ratio 1/4 between the particle
density and the cluster density. Such particle cluster size lies
between the characteristic correlation length ' obtained for
cp /cp

! =0.32 and cp /cp
! =0.4 from scattering experiments !Fig.

3", where ' shows a strong cp-dependence within the range
of interest 0.25&cp /cp

! &0.5. Nevertheless, rescaling the
MCT-PRISM predictions by our '!cp" makes the agreement
between MCT-PRISM predictions and our experimental data
worse !not reported here". The connection between the scal-
ing factor !here 1/4" and the characteristic cluster size is
therefore less clear in our system than in silica-PS gels.

There is some ambiguity in the determination of the ge-
lation boundary. If we choose cp /cp

! =0.32 instead of 0.25,
this would possibly agree better with the definition of the
gelation boundary by the theory, namely, the transition from
zero to a finite value of G!. Moreover, this shift might be
justified by differences in the structure factor between the
silica-PS mixtures and our samples. With a gelation bound-
ary at cp /cp

! =0.32, no scaling factor is needed !Fig. 11, blue
solid line". For 0.32(cp /cp

! (0.5 the MCT-PRISM predic-
tions describe the data well, while there are considerable
discrepancies for cp /cp

! %0.5 and no data for larger cp /cp
! are

available for comparison.38 They might be due to the diffi-
culty to treat nonequlibrium states well inside the gel region
or to account for the changes in attraction range and strength
beyond the overlap concentration cp

!. In order to evidence the
sensitivity of the comparison between experimental data and
MCT-PRISM predictions to the definition of the gelation
boundary, the elastic modulus and theory predictions are
plotted as a function of cp /cp

gel in the inset of Fig. 11. Two
different values of cp

gel, 0.25cp
! !! and red dotted line" and

0.32cp
! !" and blue solid line" are used. Experimental data

obtained for silica-PS mixture and rescaled MCT-PRISM
predictions !)=0.09, # and black dashed line" are reported
for comparison.38 While agreement in the functional depen-
dence between experiments and theory is obtained for both

10
-1

10
0

10
1

10
2

10
3

10
4

G
'(
2
R
)3
/
k
B
T

2.01.51.00.50.0

cp / cp*

gelation

86420

cp /cp
gel

FIG. 11. !Color" Elastic modulus G! as a function of polymer concentration
cp /cp

!. G! has been normalized by the particle volume !2R"3 and the thermal
energy kBT. The experimentally determined G! has been extracted from
DFSs at the lowest measured frequency, "=0.1 rad /s, !!" and is compared
to F12

!#̇" !$" and MCT-PRISM predictions for G!!"→0". The red dotted line
is the MCT-PRISM prediction obtained for cp

gel=0.25cp
! and a scaling factor

about 1/4. The solid line is the MCT-PRISM prediction obtained for cp
gel

=0.32cp
! and no scaling factor. The black dashed-dotted line indicates the

slope G!&!cp /cp
!"0.9. Inset: G! as a function of cp /cp

gel, for cp
gel=0.25cp

! !!"
and cp

gel=0.32cp
! !"". Red dotted and blue solid lines are the corresponding

MCT-PRISM predictions. Measurements obtained for silica-PS mixtures
with )=0.09 !#" from Ref. 38 are shown for comparison, with the corre-
sponding !rescaled" MCT-PRISM predictions !black dashed line". Y-axes
are identical in the main figure and inset.
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ties did not change and reproducible results were obtained in
consecutive tests. We have chosen tw=300 s.

III. RESULTS AND DISCUSSION

A. Quiescent samples

1. Macroscopic behavior

The macroscopic behavior of the samples was investi-
gated by tube inversion as a function of colloid volume frac-
tion ! and polymer concentration cp /cp

! !Fig. 1". Gel samples
were identified by the absence of flow after tube inversion,
which was found for cp /cp

! "0.4. Samples with 0.2#cp /cp
!

#0.4 showed already a relatively high viscosity, but were
still flowing.

2. Microscopic structure

Microscopic structural information were obtained by
SLS and DIC microscopy. We determined the static structure
factor S!Q" at low scattering vectors 0.35$QR$2.6 !Fig. 2"
where length scales corresponding to large structures of the
order of a few particle diameters are probed. Due to the
limited Q-range we cannot observe the first peak of S!Q"
which for a pure colloidal dispersion with !=0.4 is ex-
pected, depending on polydispersity, in the range 3#QR
#4.40,75

Below the macroscopic gelation boundary #cp /cp
! #0.4,

Fig. 2!a"$, S!QR#1" monotonically increases with increas-
ing cp /cp

!. For cp /cp
! %0.25 a finite value of S!Q→0" could

be extrapolated which is consistent with the clustering of
particles due to attractive depletion interactions, as has al-
ready been observed for silica-PS mixtures at the same col-
loid volume fraction.40 These clusters are not necessarily
equilibrium clusters.7–9 For larger polymer concentrations,
cp /cp

! =0.32 and 0.4, S!QR#1" increases steeply, which in-
dicates an increasing amplitude of the concentration fluctua-
tions, while crossing the gelation boundary !cp /cp

! %0.4",
S!QR#1" drops dramatically pointing at the suppression of
large density fluctuations. Then S!QR#1" increases again
inside the gel region, i.e., for cp /cp

! &0.4 #Fig. 2!b"$.
The cp-dependence of S!Q" at two distinct Q values

!QR=0.35 and 0.7" is summarized in Fig. 3. The strong in-
crease in S!Q" upon approaching the gelation boundary, i.e.,
cp /cp

! $0.4, can be described by a power-law dependence,

S!Q"&!cp /cp
!"',40 with an exponent '!QR=0.35"=4.6(0.3

and '!QR=0.7"=2.6(0.1. After the sharp drop at the gela-
tion boundary, S!Q" increases roughly linearly with increas-
ing cp /cp

! inside the gel region.
A characteristic correlation length ) can be extracted

!Fig. 3, inset" by fitting an Ornstein–Zernike scaling, S!Q"
&1 / #Q2+ !1 /)"2$ !Ref. 76" to those S!QR#1" which in-
crease at low Q. We find that ) /2R increases from approxi-
mately 1 to 6 upon increasing cp /cp

! from 0.32 to 0.4 and
then, inside the gel region, drops again to approximately 1
with a slight increase with increasing cp /cp

!.
Due to the limited Q-range accessible in our light scat-

tering experiments and, as a consequence, the large uncer-
tainty in the value of ), we complemented our light scattering
experiments by DIC microscopy !Fig. 3". At cp /cp

! =0 the
sample appears homogeneous reflecting its fluid structure.
Increasing cp /cp

! toward the gel boundary, some graininess
due to large scale structures is visible with the length scale
and amplitude increasing strongly at the gelation boundary
!cp /cp

! =0.4". Within the gel phase !cp /cp
! "0.7" the length

scale and amplitude of the observed graininess decreases and
subsequently saturates. DIC microscopy thus indicates that
structural heterogeneities have a maximum around cp /cp

!

=0.4 and their length scale well before gelation and inside
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FIG. 1. Macroscopic behavior as investigated by tube inversion for different
volume fractions ! and polymer concentrations cp /cp

!. !!" Gels !no flow",
!"" highly viscous fluids, and !#" low viscosity fluids.

(A)

(B)

FIG. 2. !Color online" Static structure factor S!Q" measured by SLS for
different polymer concentrations cp /cp

! !as indicated in the legends" for
samples below !a" and above !b" the macroscopic gelation boundary.
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• Poor reproducibility

• Sensitivity to method of preparation

• Sensitivity to shear history (thixotropic)

• Limited range of linear viscoelastic response

• Slip in rheometers

• Sedimentation


