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Volume-fraction dependence of elastic moduli and transition temperatures for colloidal silica gels
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Colloidal silica spheres bearing grafted octadecyl chains dispersed in hexadecane undergo a sol-gel
transition with decreasing temperature. The gelation temperature depends on the volume fraction P
and, perhaps, the particle size. For P & P „(T), the value at the transition, the elastic modulus varies as

(P —
P~,~) with the prefactor and exponent independent of temperature. This form resembles prediction

from static percolation theories, but the exponent s =3.0+0.5 lies significantly below those expected and

the transition volume fraction varies with temperature. The relationship of the gelation transition to dy-

namic percolation and phase transitions predicted by equilibrium statistical mechanics has also been ad-

dressed. Matching the calculated structure factor for adhesive spheres with that measured by static light
scattering yields the unknown strength of the interparticle attraction as a function of temperature.
Though an imperfect fit introduces considerable uncertainty, this empirical relationship distinguishes the

gel transition from both the dynamic percolation threshold and the spinodal associated with the fluid-

fluid transition for adhesive spheres. Thus we conclude that gelation in this colloidal dispersion corre-
sponds to a metastable state lying between the fluid-solid phase boundary and the spinodal ~

PACS number(s): 64.70.—p, 82.70.Gg

I. INTRODUCTION defined such that

Colloidal dispersions undergo phase transitions similar
to those for molecular systems. With purely repulsive
potentials both nonaqueous [1] and aqueous [2] polymer
lattices show a disorder-order transition for
0.5 /&0. 55 while dispersions of polymerically stabi-
lized poly(methylmethacrylate) (PMMA) spheres exhibit
the disordered-Quid to ordered-crystal and fluid glass
transitions [3,4]. Likewise, silica spheres grafted with oc-
tadecyl chains in cyclohexane, which behave as hard
spheres, rearrange themselves into an irridescent ordered
phase when concentrated sufficiently slowly by gravity
settling [5,6].

For the same octadecyl silica, changing the solvent and
temperature alters the particle-particle interactions from
repulsive to weakly or strongly attractive [7]. For exam-
ple, dispersing the particles in benzene at high tempera-
tures and then cooling produces weak attractions, caus-
ing spinodal decomposition [8,9] followed by separation
into coexisting, though incompletely equilibrated, phases.
Dispersing the particles in cyclohexane and adding free
polystyrene also induces an attraction and phase separa-
tion [10]. In some cases, however, attractive interparticle
potentials produce a macroscopically homogeneous gel
[11] that can persist for extended periods in the absence
of gravity or other forces driving consolidation. The dis-
tinction between systems that phase separate macroscopi-
cally and those forming persistent gels remains unclear.

For interpreting quantitatively the formation of col-
loidal gels, crystals, or coexisting phases due to short-
range attractions of unknown form, Baxter's adhesive
sphere [12],
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provides a convenient one-parameter (r ') model. Here
H is the Heaviside step function and 5 is the Dirac 5
function. This potential comprises a square well with
infinite depth and zero width.

The phase diagram for adhesive spheres exhibits a
first-order gas-liquid transition with the associated spino-
dal and a critical point at &=0.0976 and /=0. 1213
[13,14]. In addition, Smithline and Haymet [15]
identified, via the density-functional theory of freezing, a
Auid-solid transition that converges to that for hard
spheres as ~~~. Unfortunately, numerical difficulties
confined their results to ~)0.4. Thus, one can only infer,
by analogy with other work [16], that this fiuid-solid
transition, rather than the Quid-Auid one, determines the
equilibrium transition over the full range of ~. Within
the equilibrium Quid phase, particles still cluster at finite
r due to the attractions. Chiew and Glandt [17] derived
the average cluster size as a function of volume fraction P
within the Percus-Yevick approximation and identified
the dynamic percolation boundary r (t() ) with the forma-
tion of an infinite cluster. Subsequent Monte Carlo simu-
lations [18,19] refine the predictions of the percolation
boundary, indicating an intersection with the binodal and
spinodal at the critical point. Kranendonk and Frenkel
[19] also extracted the radial distribution function g(r)
and its Fourier transform, the static structure factor
S(aq), from their simulations and found reasonable con-
formity with predictions from the analytical theory [20].
Thus the structure and phase behavior of the adhesive
sphere model is sufficiently developed for interpreting ob-
servations with the octadecyl silica dispersions.
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In the first such effort, de Kruif et al. [21] fit the pre-
dicted structure factor to small-angle neutron scattering
from silica particles in benzene to quantify the increasing
strength of the attraction with decreasing temperature.
One should note, however, that the apparent ~ ' in-
creases with increasing volume fraction and the calculat-
ed structure factors closely resemble those measured only
at /=0. 19. Woutersen and de Kruif [22] measured the
viscosity and the mutual diffusion coefticient, as well as
the static structure factor via light scattering, at dilute
volume fractions to demonstrate more conclusively that ~
and the osmotic second viral coefficient (Hz=4 —I/r)
decrease rapidly below a critical temperature. The tem-
perature dependence of the attraction resembles that ex-
pected from simple mean-Geld theories for interactions
between grafted polymer layers in a poor solvent, i.e.,

/kT=a(O/T 1), wi—th 8 the temperature at which
the attraction vanishes and cz a dimensionless constant.

Associated experiments with these dispersions demon-
strate clearly that reducing the temperature until ~&0. 1

will cause spinodal decomposition [9] and phase separa-
tion [8]. The r(P) corresponding to the spinodal con-
forms nicely to that predicted, but the volume fractions
P, of the separated dense phase deviate substantially from
those expected for either the fluid-Quid or Quid-solid tran-
sitions. However, the magnitude and trend of P, (r) sug-
gest an incompletely equilibrated solid phase arising from
the latter. With a different solvent and/or stronger at-
tractions, a gel forms with a fractal structure of dimen-
sion d =2. 10+0.05 independent of volume fraction [23].

For nonequilibrium structures such as colloidal gels,
little theory is available. Static percolation theories, de-
rived by randomly placing particles on a lattice, generally
ignore correlations due to attractive forces. Consequent-
ly, they yield a threshold volume fraction P,&

that de-
pends on the nature, but not the magnitude, of the inter-
particle force and the coordination number of the lattice
[24—27]. For isotropic forces the threshold coincides
with that for conductivity, i.e., Ps,&=0. 14 for a face-
centered-cubic lattice, and the network is fractal with
d=2. 5. Above the threshold, the shear modulus in-
creases from zero according to ((t —(()s„)' with
s =3.55+0.05 [28]. An alternative theory, envisioning a
network comprised of close-packed fractal clusters, leads
to Ps„=0 and s =3.5+0.2 for clusters with 0 =1.75 or
s =4.5+0.5 for 4 =1.98 [29]. The different fractal di-
mensions correspond to different modes of aggregation.
For example, clusters sticking irreversibly upon the first
collision form re"atively open aggregates of the first type
[30], while clusters that stick only after a large number of
contacts form the denser fractals [31].

In the following sections, we first discuss an alternative
correlation of the shear moduli reported previously [32],
motivated by the theory mentioned above. Then we com-
pare the structure factors expected for adhesive spheres
with those detected by static light scattering to estimate
the strength of the attractions ~ ' as a function of tem-
perature. Finally, from the strength of the interparticle
attractions, we argue that the gel transition derives from
the solid-liquid transition, rather than dynamic percola-
tion, for adhesive spheres.
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FIG. 1. T*=PP for a=47 nm (Q), a=56 nm (0), and
a=72nm( ).

II. ANALYSIS OF RHEOLOGICAL RESULTS

A. Identification of the gel transition

Rheological data [32] showed that octadecyl silica-
hexadecane dispersions are fluids above a well-defined
temperature and solids below, with the transition occur-
ring over a 1 C range. For each of the three particle
sizes studied, the transition is best represented by

T*= Ts, )
—18=13/ (3)

as shown in Fig. 1. Note that 18'C is the freezing tem-
perature of hexadecane. The empirical fitting parame-
ters, given in Table I with standard deviations for each
set of data, probably have no physical significance but are
convenient for the analysis of experimental data in later
sections.

B. Volume-fraction dependence of 6'

TABLE I. Results of power-law fits for the gel-transition
data.

a (nm)

47
56
72

25.7+1.0
24. 5+2.6
25 ~ 0+1.7

0.30+0.02
0.43+0.05
0.38+0.03

Small-amplitude oscillatory measurements yielded elas-
tic moduli at a particular temperature that vary with
volume fraction roughly according to a power law. Since
the elastic modulus decreases rapidly as the volume frac-
tion approaches Ps„and ((),~

increases with temperature,
the apparent power-law index increases with tempera-
ture. Previously [32] we attributed this to structural
changes with temperature, although static light-
scattering results demonstrate the fractal dimension to be
independent of temperature and volume fraction. This
and the prediction from static percolation theory indicate
that the relevant feature of the microstructure is the dis-
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TABLE II. Critical gelation volume fraction P„,( T) at
several temperatures for each sample.

1O'
~ ~ ~ I I I I

i ~ s i

a (nm
emp.

20 C 22'C 24'C 26 'C
10" =

47
56
72

0.000
0.003
0.001

0.002
0.015
0.008

0.008
0.038
0.023

0.021
0.074
0.049

10

10

tance from the gel transition, suggesting the scaling

(4)

10' =

For this purpose, values for (ti,&(T) for each system
(Table II) were calculated by extrapolating the empirical
correlation (3) to the temperatures of the rheological ex-
periments.

Replotting the elastic moduli as G' versus

[ =P—P,&(T) j and excluding the points for (ti" =0 elimi-
nates the strong temperature dependence, in agreement
with the static light-scattering results. Figures 2 and 3,
with different symbols indicating data at different temper-
atures, show that data for a =56 and 72 nm all collapse
onto straight lines, as expected from (4). Figure 4 for
a =47 nm, however, shows a temperature dependence for
0. I & (ti* = (ti & 0.3, leaving the normalization less
effective. This residual temperature dependence may re-
sult from the uncertainties in the extrapolated Ps,&( T) or
some inadequacies in the a =47 nm data, the first set tak-
en. This does not obscure, however, the striking con-
clusion that the prefactor Go, characterizing the elastici-
ty of the interparticle bonds, and s, characterizing the
structure, are both independent of temperature.

The values for Go and s extracted from the data (Table
III) differ among the three batches of particles; however,
the range of radii is too narrow to ascribe this to a depen-
dence on particle size. A variation in graft density, or
some other feature of the octadecyl layer, is equally possi-
ble. Nonetheless, the power-law indices, 3.0+0.5, are
consistent with experimental results on other systems

1
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FIG. 3. Superposition of elastic moduli for a =72 nm at tem-
peratures of 20' C (o), 22'C ( ), 24'C (0), and 26'C (X) and
power-law fit ( --- j.

[29,32—34], though outside the range expected from stat-
ic percolation or the existing fractal theory.

III. ANALYSIS OF STATIC LIGHT SCATTERING

A. Structure factor for adhesive spheres

Within the equilibrium Auid region of the phase dia-
gram, the static structure, generally characterized by the
radial distribution function g ( r), depends on the volume
fraction P and the adhesion parameter r. The Fourier
transform of g(r) comprises the static structure factor
S(aq), which is detectable by static light scattering, pro-
vided either the refractive index difference between parti-
cles and Auid or the volume fraction of particles is small
enough to avoid multiple scattering. For the octadecyl
silica-cyclohexane dispersions the optical match suffices
for measurements over a broad range of concentrations
for particles smaller than 100 nm. The poorer match in
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FIG. 2. Superposition of elastic moduli for a =56 nm at tem-
peratures of 20'C (o), 22'C ( ), 24 C (0), and 26'C (X) and
power-law fit ( ).

FIG. 4. Superposition of elastic moduli for a =47 nm at tem-
peratures of 20'C (o), 22 C ( ), 24'C (Q), and 26'C (X) and
power-law fit ( ).
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TABLE III. Results of power-law fit for modulus below the
gel transition.

a (nm) 2 1/2 '

47
56
72

(1.25+0.55) X 10
(1.50+0.33)X 10
(3.51+0.72) X 10

2.75+0. 19
3.42+0.09
3.09+0.08

Note that A, is real provided
2

0(2+0)
6(1 —P)

(8)

hexadecane limits the range of the experiment. Nonethe-
less, one can still detect the structure under conditions
affected significantly by the attraction and compare with
theoretical predictions to estimate ~.

The fractorization of Baxter [12] represents the static
structure factor as the product of two terms: X=—+1 5

7 2~
1 1+

4(2+0) )0
6(1 —P)'

For dilute solutions, Eq. (8) becomes

S(aq) =[Q(aq)Q( —aq)]

where
4 1+
7 2T

1 $2+
12&

(10)

Q(aq)=1 —2mp I Q(r) dr .
0 gl'

(6) Regnaut and Ravey [20] proceed by expressing the
structure factor analytically as

Here a is the radius, p is the number density, r is the
center-to-center distance, q =(4vrno/Ao)sin(0/2), no is
the index of refraction of solvent, k0 is the wavelength of
the incident light, and 0 is the forward-scattering angle.
When r &2a, Q(r)=0. For r(2a, Q(r) is a quadratic
function of r:

S '(aq)= 1 —12$ AI2(u)+ I, (u)+ Io(u)
2a 4a

+ 12$ AJ2(u )+ J, (u)
8
2a

2

2

Q(r)= Ar +Br+C,
with coefficients [20]

A =0.5(1+2/ —p)(1 —P)

B =a( —3/+ p)(1 —(h)

C= —4a A —2aB+a A/3,

where p=k, g(1 —P) and

(7) + Jo(u )
C

4a

with u =2aq,
nI„(u ) = x "cosux dx,

0

and

nJ„(u )
= x "sinux dx,

0

and integrating by parts to obtain

S (aq)= 1 — 2A(u cosu —sinu)+ u(cosu —1)+ sinu
12 8 A, u

u 2a 12

2

2
12 u 8 . A, u+ 2A u sinu+cosu —1 — + u(sinu —u)+ (1—cosu)
u 2 2a 12

(12)

Several limiting cases follow directly. When ~ '=0,
S(aq) reproduces the results for hard spheres. In the
limit of zero scattering angle (q =0), Eq. (10) reduces to

I

with the hard-sphere structure factor as

SHs(0)=1+8/+30/ +

S '(0) = [1+(8A +3B/a —
A, )P]

For P (( 1, the structure factor simplifies further to

(13)

B. Physically acceptable solutions for the PY equation

S '(0) =
kT ()p

=SHs (0)— +
3 P+0(p ),

6~

(14)

Baxter [12] and Watts, Henderson, and Baxter [13]
noted three conditions that must be satisfied by physical-
ly acceptable solutions of the Percus-Yevick (PY) equa-
tion:

(i) The parameter k must be real, which means remain-
ing below the curve
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(t(2+/)
1/2

in the (r ', (()) plane.
(ii) The compressibility,

kT -~ =1+4vrp f r [g(r) —1]dr,
a& T 0

(16)

(17)

~ I I

10 =

f I I I I I I
I

P= 0.005

y= 0.01

(tI = 0.05

P= 0. 10

P= 0. 15

must be finite, excluding all point's within the spinodal
curve emanating from the critical point at P, =0. 1213
and ~, =0.0976.

(iii) The integral in (17) must be absolutely convergent,
which requires p & 1+2/ or

1+2(j)

(t(1 —P)
' (18)

I I I I
I

I

Figure 5 depicts these three constraints with Eqs. (16)
and (17), the lighter and darker solid curves, respectively,
coinciding for P & P, =0.1213 and (18), the dashed curve,
coinciding with (17) for P) P, . Thus Eq. (16) proves ir-
relevant, since it lies on the spinodal for P&P, and
within it for P)(t), . So only the r and P pairs lying
outside the spinodal and below Eq. (18) comprise physi-
cally acceptable solutions.

Figure 6 illustrates some important features of the
structure factors for adhesive spheres with ~=0. 10, just
above the critical point, and volume fractions in the
range of our experimental data. For /&0. 01, S(aq)=1.
With increasing volume fraction, S(0) increases because
of the attraction, but the curves also decrease faster with
increasing aq and cross S(aq) =1 at decreasing values of
aq. For all volume fractions, S(aq) reaches a minimum

s i a ~ I

0.1

I ) s s s ~ I

FIG. 6. Calculated structure for ~ '=10 at several volume
fractions.

at aq =2 and oscillates about unity at larger aq. The first
peak of S(aq) for hard spheres appears at aq = m but, for
adhesive spheres, is shifted slightly to the right, to aq =4.
Figure 7, depicting S(0) as a function of r ' for a similar
range of volume fractions, demonstrates an insensitivity
of S(0) to r ' for P & 0.01 over the full range of interest.
Therefore, experiments designed to extract ~ ' must be
performed at P )0.05.

C. Strength of the attraction from S(aq)

The structure factors from our static light-scattering
data show high sensitivity to temperature, implying a
strong variation in the strength of the attraction ~
The data [32] pertain to silica-hexadecane dispersions of
P =0.008, 0.016, 0.032, 0.064, 0.085, and 0.113 at several
temperatures from 25 to 55'C, with the volume fraction
calculated from the weight concentration through the
particle density in the dispersion (1.47 g/ml) rather than
the dry particle density (1.70 g/ml) as reported previous-
ly. The structure factors were measured immediately
after equilibrating the samples at the specified tempera-
tures and did not change during the experiment.

Three factors complicate the estimation of ~ ' from

-1
16

14

12
4

S{0)

10 )

IIII = 0.005

P= 0.01

I)tI = 0.02

It) = 0.05

ItI = 0. 10

I I I I I

!
I

I
/

/'

g I I I I I I I I I I I I I

0 0.1 0.2 0.3 0.4
I I I I I I I I I I I

0.5

FIG. 5. Points above the solid curve and on the dashed curve
correspond to physically unacceptable solutions of the PY equa-
tion. locus of points where S (0) diverges; . . . , for
k=(1+2$)/[P(l —

(t )]; ———,w ' for real 1,.

s a s s ~ s I

10

FIG. 7. Calculated S(0) at several volume fractions.
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quantitative comparison with the predictions in the pre-
vious section:

(i) Even at high temperatures, or in a good solvent such
as cyclohexane, the static structure factor for P (& 1 rises
above unity at low q [e.g., S(0)—1=0.1 —0.3], implying
the presence of some permanent aggregates.

(ii) The calculated structure factors for adhesive
spheres with P & 0.05 are insensitive to the strength of the
attraction for r (20 (Fig. 6), necessitating an unrealist-
ically strong attraction to account for modest values of
S(0)—1 in the measurements (Fig. 7).

(iii) Since hexadecane matches rather poorly the refrac-
tive index of the silica spheres, multiple scattering be-
comes significant for P )0. 12, limiting the range of
scattering measurements.

To minimize the effect of permanent aggregates, we
treat the Rayleigh ratio R (aq) in hexadecane at 55'C as a
particle form factor and normalize the data accordingly,
defining

S(aq ) =5n [R (aq ) ][R(aq ) ]»' c, (19)

with 6n accounting for the ratio of the refractive index
difference at the prescribed temperature to that at 55 C.
Due to (ii) and (iii), no meaningful analysis is possible for
P(0.05 or )0.12. In addition, some of the scattering
curves for T 30 C detect a fractal structure associated
with gelation [23], which lies beyond the validity of the
Percus-Yevick equation. So in the following, we estimate
7

' by matching the calculated structure factor with data
for / =0.064, 0.085, and 0.113 at T ~ 33 'C.

The strength of the attraction is derived by fitting Eq.
(12) to the data using r ' and 5n as fitting parameters.
Figures 8 —10 illustrate the quality of the fit for several
temperatures and volume fractions. At 33'C (Fig. 8), the
calculated and measured S(aq) agree well for each
volume fraction, especially for /=0. 085 with ~ '=9.8.
Similarly, at 35'C (Fig. 9), the calculated S(aq) closely
resemble those from experiments, particularly for
/=0. 113 with r '=8.4, and suggest a reduced attrac-
tion relative to 33'C. Increasing temperature further
weakens the attraction and decreases the magnitude of
S(0)—1, but the computed curves, e.g. , for 38'C with

3.5 ~ I I I I ~ I ~ I I I I I ~ I ~ ~ I I
I

~ I I ~ I ~

3.0—

2.5—

2.0—

1.5—

1.0—

0.5
0.0

I I I I I I I I I I

0.5
~ I I ~ I I I I I I I I a ~ I I I I

1.0 1.5

FIG. 9. Best fit for static light-scattering data at 35'C and
/=0. 064 (4), /=0. 085 {o),and /=0. 113 ( A ).

'=8 (Fig. 10), fit the data rather poorly. The situation
at temperatures of 40—50'C is qualitatively similar, with
the computed curves consistently failing to reproduce
sharp upturns of the data at aq-0. 5 but dealing well
with highly correlated structures at higher volume frac-
tions and aq. This clearly suggests either an inability of
the theory to handle large aggregates or a problem with
the data at small scattering angles, but we have not deter-
mined which.

Table IV summarizes the best-fit values of ~ '. The +
values represent deviations from fitting the aq ~ 0.5 and)0.5 portions of the scattering curves, respectively. For
example (Fig. 11), for /=0. 064 and 0.085 at 38'C, the
data at wider angles provide lower bounds of 5.2 and 5.6,
while data at the lower angles yield upper bounds of 10.3
and 9.7. Figure 12, based on the mean values from Table
IV, establishes clearly that all points fall below the solid
and dashed curves and correspond, therefore, to physical-
ly acceptable solutions of the Percus-Yevick equation.

Plotting the resulting strength of attraction as a func-
tion of temperature (Fig. 13), with error bars indicating
the deviations resulting from fitting different portions of

0.5

~ 5 ~ I I I I ~ I ~ I
/

~4

4.0—

3.5—

3.0—

2.5—

2.0—

1.5—

1.0—

0.5 I ~ I a s I s ~ a I I ~

0.0

~ I I I I
I ~ ~ I ~ ~ ~ ~ ~

I ~ ~ ~ ~ I I ~ I I ~ ~ ~ I ~

1.0
aq

1.5

2.0

1.5—

1.0—

0.5
0.0

~ I I ~ ~ I ~ I
I

~ ~ ~ I ~ I ~ I ~ I I ~ I ~ I I

I I s I s a ~ s a I a

1.0
I ~ I I I ~ I ~ I I ~ I ~ I ~ I ~

0.5 1.5

FIG. 8. Best fit for static light-scattering data at 33 C and
/=0. 064 (I) and /=0. 085 (o).

FIG. 10. Best fit for static light-scattering data at 38 C and
/=0. 064 {4),/=0. 085 (o), and /=0. 113 ( A ).
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TABLE IV. Best fit ~ ' at several temperatures and volume
fractions.

15 ~ a ~
1

~ (

T ('C)

33

35

38

40

50

/=0. 064

9.9+0.9
—2.0

8 ~ 7+ 1.8
—2.3

7.6+2.7
—2.4

7.2+ 2.6
—1.8

5.6+2.9
—1.3

4. 1 + 1.5
—0.5

4=0.085

9.8+0.1
—0.3

8.5+ 1.3
—1.8

7.6+2. 1
—2.0

6.8+2.1
—1.5

5.0+2.7
—1.0

4.2+ 1.4
—0.4

P =0.113

8.4+0.6
—0.5

7. 1 + 1.8
—1.9

6.9+ 1.8
—1.7

5.0+2.4
—1.1

4.0+ 1.7
—0.4

10—

5—

0
0.04

I I I I I l I

0.06 0.08 0.10 0.12

FIG. 12. Data from the best fits and the curves are from Fig.
1 at temperatures of 33'C (o), 35'C (~), 38'C (Q), 40'C (4),
45'C (6), and 50'C ( A j.

the scattering curves, indicates that ~ decreases rough-
ly linearly with increasing temperature (C) following

'=(18.5+1.4) —(0.285+0.035)T . (20)

The uncertainties are standard deviations from a linear
regression of the best-fit parameters including those from
the upper and lower portions of the scattering curves.
Within the relatively narrow range of temperatures of in-
terest, (20) establishes the sought-after connection be-
tween temperature and interparticle potential, suggesting
that the attraction only disappears for T ) 340 K.

One can devise other schemes for estimating ~ ' from
the data as well. For example, extrapolating, albeit
roughly, S (aq) to aq =0 and then plotting
[S '(0) —SHs (0)]/QSHs (0) against P yields r from ei-
ther the slope or intercept according to (14). Both values
fall within the error bounds noted in Table IV. So we
conclude that the bounds assess realistically the uncer-
tainty arising from the curve fitting as well as the normal-
ization (19).

A comparison with similar characterizations of other
systems is worthwhile. For octadecyl silicas in benzene
and dodecane, Rouw, Vrij, and Kruif [35] performed
light-scattering measurements to extract ~ ' as a func-
tion of temperature. Static light scattering, actually tur-
bidity, yielded the apparent second viria1 coefBcient as a
function of wavelength, permitting the true value to be
obtained from the intercept at infinite wavelength. In
this way they found w to increase with decreasing tem-
perature, as illustrated in Fig. 13. The coincidence of the
data above 310 K is surprising in view of the disparate
behavior in the two solvents. However, gelation in dode-
cane and phase separation in benzene appear at lower
temperature, where values for ~ ' extracted from dynam-
ic light-scattering measurements (not shown here) differ
significantly. Our measurements in hexadecane indicate
substantially stronger attraction but a similar tempera-
ture dependence to that observed with dodecane.

I i ~ s
~

i i & I
1

s1 I I
I

I ~ I I
I

\ ~ I ~
I

~ I I I

~ 0 ~ I ~ 1 I I ~ I i I ~3 I ~ I I ~ I ~ I I I I I I ~ I ~ I I 10—

2.5— 8—

2.0— 6—

1.0,—

O.
CX--+- 0+ -'Q

~O - g 0

0.5— 0 ~ I I I I l I I I I I I

15 25 35 45 55 65
I I 1 I I I I I I I I I I I t i I

75

0.0
0.0

I I I ~ I I I ~ I I

0.5
I ~ I I ~ I ~ I I I ~ I I

1.0
aq

1.5

FIG-. 11. Best fits for the upper and the lower portions of
scattering curves at 38'C with /=0. 064 (4) and /=0. 113 (o).

FICz. 13. Strength of the attraction as a function of tempera-
ture in hexadecane for p =0.064 ( o ), p =0.085 ( ), and

/ =0.113 (Q) with ( ) r ' = (18.5+.1.43) —(0.285
+0.0348)T and in benzene (4) and dodecane (+ ) from [35].
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IV. INTERPRETATION OF THK GEL TRANSITION

Both rheological and static light-scattering measure-
ments reveal a sharp transition from a Quid dispersion to
a macroscopically uniform gel with no observed phase
separation. At a constant temperature, these silica gels
consolidate under gravity over a period of a few days to
weeks, leaving a clear supernatant and a thicker gel. This
suggests that when gravitational forces exceed the yield
stress, the particles within the gel rearrange on a much
longer time scale than our experiment. The consolidation
occurs much faster at low volume fractions, implying a
faster rearrangement in a looser network than in a more
compact gel. Consolidation can be prevented by placing
the sample on a mixing roller, thereby reducing the effect
of gravity. Then a sample that normally consolidates in
less than a day neither consolidates nor phase separates
for over a month. This suggests that these octadecyl
silica-hexadecane gels at conditions well into the two-
phase region do not phase separate but will, over time,
become more compact under gravity.

The question remains whether the observed transition
corresponds to the dynamic percolation threshold, the
spinodal, or the solid-liquid transition in the phase dia-
gram for adhesive spheres. Previously, we estimated the
strength of the attraction (r ') under the assumption
that the gel transition corresponded to the percolation
threshold [32]. With the strength of the attraction now
estimated from the static structure factors, that assump-
tion can be relaxed.

The task is to transfer the measured gel transition onto
the r-P phase diagram. Although the static light-
scattering measurements were at conditions within the
Quid region of the phase diagram, the resulting relation-
ship for r ( T „) is generally valid. Thus substituting
T,~

for a =47 nm from (3) into (20) gives

'= (13.4+1.6) —(7.3+1.0)$ (21)

with the uncertainties from a first-order analysis of the
propagation of error (Ref. [36],p. 45).

The calculated points in Fig. 14 correspond to the mea-
sured points on the gel transition diagram (Fig. 1) with
the relative error in ~ the same as that for ~~ '. Clearly,
the gel transition overlaps both the dynamic percolation
threshold and the spinodal curve at volume fractions
below the critical point (P (0.15). But for P) 0.20, the
gelation occurs well below the percolation line and
significantly above the spinodal. For P)0.5, it is not
clear whether the silica gel transition sweeps up parallel
to the liquid-solid transition predicted by Smith and Hay-
met [15]. Despite the uncertainty, this strongly suggests
a metastable state between the Quid-solid phase boundary
and the spinodal. Hence, we conclude that this gelation
phenomenon arises from the nucleation and growth of
clusters in the metastable region beyond a Quid-solid
transition but short of the spinodal. Our light-scattering
measurements reported previously [32] indicate a fractal
structure for these clusters.

Another intriguing issue is the disparate behavior of
the octadecyl silica spheres in benzene and hexadecane.
Macroscopic phase separation occurs in benzene on a
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FIG. 14. Phase diagram for adhesive spheres including the
gel transition for silica-hexadecane dispersions:, spinodal;
(0), percolation (Kranedonk and Frenkel, 1988); X, percolation
(Seaton and Glandt, 1987); ———,percolation (Chiew and
Glandt, 1983); —- —-, freezing (Smithline and Haymet, 1985);

melting (Smithline and Haymet, 1985); 4, silica-
hexadecane gel transition.

V. SUMMARY

In this paper we have tried to establish two points: (i)
the scaling of the shear modulus of the gel as
G'= 60[/ —P (T)] ' —;and (ii) the positioning of the
gelation transition within the metastable region between
the Quid-solid phase boundary and the spinodal. Neither
argument is completely unassailable, though we think
both have considerable merit. In addition, we suggest
that the gelation in hexadecane, rather than the phase
separation in benzene, arises from different dynamics be-
tween particles at small separations.

The correlation (i), motivated by the predictions from

reasonable time scale, though full equilibrium remains
dificult to achieve, but in hexadecane gels persist-
indefinitely in the absence of gravitational consolidation.
Arguments for a different mechanism for the attraction
[37], a coordinated freezing of octadecyl and hexadecane
chains in the gap between particles, suggest different dy-
namics as well. Consider, for example, the characteristic
time for doublet breakup, an essential step in the relaxa-
tion from a gel to a condensed phase. For adhesive
spheres surrounded by pure solvent, the mobility for rela-
tive motion decreases linearly with the separation, van-
ishing at contact. Consequently, the time scale diverges
logarithmically as the range of the attraction goes to
zero; nonetheless, for particles and grafted layers of the
size considered here and attractions in the vicinity of
gelation, equilibration still should be reasonably rapid.
However, the mobility of particles interacting within the
attractive well may be substantially reduced by inter-
penetration of the grafted layers or the freezing process
mentioned above. So the possibility exists for dramatical-
ly longer time scales, depending on the mobility of the
solvent in the gap. This might bear on the difference in
the macroscopic behavior in hexadecane relative to that
in benzene.
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static percolation theories, captures the temperature
dependence of the shear modulus for each particle size
and/or batch entirely within the threshold volume frac-
tion. However, the prefactor varies substantially among
the three batches of particles and exceeds the expected in-
terparticle force per unit area N /~a L, =10 —10 Pa,
by a couple of orders of magnitude. Of course, the
dependence of P on the temperature and the value of the
exponent are not predicted by any existing theory.

The uncertainty in the case for (ii) lies in the mediocre
fit of the static structure factors to predictions from the
adhesive sphere model. Rouw and de Kruif [23] and
Rouw, Vrij, and de Kruif [35] encountered a similar

difficulty as well; the dilute measurements of Woutersen
and de Kruif [22] eff'ectively ignore the issue by focusing
on an integral property. Certainly, more definitive mea-
surements for the octadecyl silica-hexade cane system
would be preferable. However, complementary means of
detecting the dynamic percolation transition [38] may
resolve the question.
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