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ABSTRACT: We report an experimental study of the dynamical
arrest transition for a model system consisting of octadecyl coated silica
suspended in n-tetradecane from dilute to concentrated conditions
spanning the state diagram. The dispersion’s interparticle potential is
tuned by temperature affecting the brush conformation leading to a
thermoreversible model system. The critical temperature for dynamical
arrest, T*, is determined as a function of dispersion volume fraction by
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small-amplitude dynamic oscillatory shear rheology. We corroborate

this transition temperature by measuring a power-law decay of the autocorrelation function and a loss of ergodicity via fiber-optic
quasi-elastic light scattering. The structure at T* is measured using small-angle neutron scattering. The scattering intensity is fit
to extract the interparticle pair-potential using the Ornstein—Zernike equation with the Percus—Yevick closure approximation,
assuming a square-well interaction potential with a short-range interaction (1% of particle diameter).' The strength of attraction
is characterized using the Baxter temperature” and mapped onto the adhesive hard sphere state diagram. The experiments show a
continuous dynamical arrest transition line that follows the predicted dynamical percolation line until ¢ & 0.41 where it subtends
the predictions toward the mode coupling theory attractive-driven glass line. An alternative analysis of the phase transition
through the reduced second virial coefficient B,* shows a change in the functional dependence of B,* on particle concentration
around ¢ & 0.36. We propose this signifies the location of a gel-to-glass transition. The results presented herein differ from those
observed for depletion flocculated dispersion of micrometer-sized particles in polymer solutions, where dynamical arrest is a
consequence of multicomponent phase separation, suggesting dynamical arrest is sensitive to the physical mechanism of

attraction.

1. INTRODUCTION

The macroscopic behavior of colloidal dispersions can change
from a fluid to solid-like state as a result of a nonequilibrium
dynamical arrest transition of the disperse phase when either
the volume fraction, ¢, or the interparticle potential, ®(r), is
varied.>* For hard spheres (HS), at ¢ &~ 0.58 dynamical arrest
occurs through the “caging” of particles by their nearest
neighbors forming a repulsive driven glass (RDG).*> The
addition of a short-ranged attraction can relax this constraint
and fluidize the dispersion at constant ¢, while attractions will
ultimately lead to a glass and possible multiple glassy states for
one dispersion.” In addition, dynamical arrest driven by
attraction can occur at much lower ¢,° 2 although the particle
density defining the transition between glass and a gel is ill
defined."® Generally speaking, dynamical arrest leading to a
macroscopically homogeneous sample in moderately high to
low concentrated dispersions ¢ < ~0.40 is often termed
“gelation” and is characterized by a network of particles that
displays large scale fractal properties without any significant
order. Similarly, colloidal glasses are disordered solids.

A short-ranged attraction in a colloidal system will cause
structural reordering of the disperse phase. For strengths of
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attraction larger than the thermal energy (kzT) larger bodies
composed of individual particles form, such as fractal aggregates
or cluster."*™'® Above a threshold ¢, these structures will
percolate through the system resulting in an infinitely large
cluster leading to bulk dynamical arrest.®'”'® It is well
established that dynamical arrest can occur in very dilute
colloidal systems (¢ ~ 107*) that interact with a relatively large
attractive strength and form irreversible bonds.

Three general classes of model systems have been used to
study fractal aggregation, flocculation, gelation, and glass
formation. One example is charge stabilized colloidal latex
with added electrolyte,"” but other examples exist such as
colloidal gold and silica, as well as carbon black.” Typically, the
attraction is due to London-van der Waals dispersion forces and
flocculation is induced by screening the stabilizing electrostatic
repulsive forces from surface charges by the addition of an
electrolyte.’® For sufficient electrolyte addition such that
repulsive interactions are negligible and in the absence of
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Figure 1. Octadecyl silica dispersion samples of increasing particle concentration from ¢ = 0.06 to 0.52 at room temperature, ~25 °C.

significant sedimentation, Brownian motion leads to diffusion
limited cluster aggregation (DLCA) with a characteristic fractal
dimension d; ~ 1.76."**"** However, flocculation due to
electrolyte addition is often irreversible and the method does
not lend itself to studying the effect of the strength of attraction
on dynamical arrest as electrolyte addition changes the rate of
aggregation and not the strength of the attractive potential, at
least for primary minimum flocculation. Control of the strength
of attraction is afforded by depletion flocculation in systems
consisting of polymer—colloid mixtures (commonly, polyme-
thylmethacrylate PMMA particles, and linear polystyrene
polymer) where the exclusion of the polymer between particles
is entropically favorable leading to an effective short-range
attraction.” The polymer and particles are often treated as a 1-
component system where the range A and strength U of
attraction are related to the polymer radius of gyration, r,, and
concentration, c,, respectively. However, it is difficult to directly
quantify the strength of the potential** In addition, phase
separation involves significant partitioning of both components
and this must be accounted for to quantitatively model the
system.”** Consequently, the state diagram has been shown to
depend on the polymer solvent quality,”* and only recently has
it been realized that PMMA retains a residual surface char%e
that can lead to additional structuring in the dispersion.*5™**
Nonetheless, phase separation and dynamical arrest have been
extensively studied in this system, often using confocal
microscopy to directly visualize micrometer-sized par-
ticles.">*”*° The third type of model system consists of silica
dioxide particles with a grafted surface layer of end-tethered
octadecane, which has been used for decades as a model
system.>' 7>* The interactions between particles are linked to
the thermodynamic stability and fluid—solid phase behavior of
the thin surface brush layer. The dispersion is sterically
stabilized when suspended in good solvents, and will flocculate
in poor solvents. In the appropriate solvents where the solvent
quality relative to the surface brush changes with temperature,
particles will thermoreversibly aggregate.”> Depending on the
solvent molecular structure there are two mechanisms for
particle aggregation: (1) as solvent quality change leading to a
collapse of the stabilizin§ brush and (2) a liquid-to-solid phase
transition of the brush.>*>*” The first occurs in solvents such as
benzene and toluene, where the second occurs in solvent of
similar molecular architecture to octadecane such as
tetradecane.®® In both cases the collapse of the brush or the
brush solidification transition leads to a controllable short-
ranged attraction between particles.

Various authors have studied the phase behavior and
dynamical arrest transition of octadecyl silica.*'™'***~*" The
results in literature show discrepancies for the strength of
attraction necessary for dynamical arrest at low to intermediate
volume fractions.”' "> Grant and Russel'* measured and fit the
structure factor S(Q) from small-angle light scattering in the
fluid regime for ¢ < 0.12 and then extrapolated to the gel-
temperature as determined by rheology. Their approach
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assumed a linear delpendence of the potential on temperature.
Verduin and Dhont" studied the phase transition using various
scattering techniques, and defined the dynamical arrest using
the point where the light scattering speckle pattern becomes
static. This is characteristic of static percolation. Although there
is significant disagreement in the strength of the potential
necessary for dynamical arrest (gelation) at intermediate
volume fractions there is common agreement that below the
critical volume fraction (¢ = 0.266 for adhesive hard spheres)
dynamical arrest occurs for strengths of attraction stronger than
required for gas—liquid phase separation.*?

Numerous models have been used to explain nonequilibrium
dynamical arrest and include but are not limited to
percolation,'”” DLCA,* dynamical arrest,***> and phase
separation;”® for a review see Zaccarelli'> Mode coupling
theory (MCT) predicts the dynamical arrest of individual
particles*™* and clusters*® to extend from the attractive driven
glass (ADG) line to low concentrations. Numerical simulations
point toward gelation as a result of an arrested fluid—fluid
phase separation which would locate the gel-line within the
spinodal region of the state diagram for concentrations below
critical.">*® Although our understanding of nonequilibrium
arrested phases is growing, clearly there is no consensus
concerning dynamical arrest in these model systems.

In this work we experimentally study the dynamical arrest
transition from ¢ = 0.06 to 0.52 using a very well characterized
octadecyl silica nanoparticle system. First, we discuss our
approach for determining the gel transition using the classic
Winter and Chambon®” criteria extended to colloidal systems.
We confirm the rheological gel-transition as determined from
the rheology by fiber-optic quasi-elastic light scattering
(FOQELS) and explore the particle dynamics through the
transition. The colloidal microstructure is determined by small-
angle neutron scattering (SANS). The SANS measurements are
fit to extract the interparticle potential at the gel-temperature
using the Ornstein—Zernike (OZ) equation with the Percus—
Yevick (PY) closure relation assuming a square-well potential
with small but finite well width. The potential is mapped on a
single interaction parameter, the Baxter temperature, 7, and
presented in a state diagram extracted from literature. Finally,
we discuss an alternative quantification of the potential at the
dynamical arrest transition via the reduced second virial
coefficient B,*.

2. MATERIALS AND METHODS

2.1. Particle Synthesis and Sample Preparation.
Colloidal silica dioxide nanoparticles were purchased commer-
cially under the trade name Ludox TM-50 (50% mass fraction
in H,O with sodium stabilizing counterion as supplied) from
Sigma-Aldrich. Octadecane was covalently grafted to the
particle surface via an esterification reaction between the
alcohol moieties in 1-octadecanol (97%, Alfa Aesar) and the
surface silanol groups following the method of van Helden et
al.*> After the reaction, the particles were thoroughly washed
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with a 60/40 mixture of chloroform/cyclohexane (chloroform
and cyclohexane 99.9%, Fisher Scientific) using a Beckman and
Coulter Optima L-100 XP ultracentrifuge. Finally, the particles
were stored in cyclohexane; no visual sedimentation was seen
after 2 months. Samples were prepared by first drying the
octadecyl coated silica under a nitrogen stream and then under
vacuum for 24 h. The particles were dispersed in n-tetradecane
at varying concentrations from dilute through concentrated.
The ten concentrations ranging from 0.06 < ¢ < 0.52 that are
the focus of this work are shown in Figure 1 at room
temperature (gel state).

2.2. Transmission Electron Microscopy. Images of the
coated and uncoated nanoparticles were taken using a JEM-
2000FX (LaB6) transmission electron microscope (TEM). The
coated particles were imaged prior to cyclohexane/tetradecane
solvent transfer. The images were then analyzed using Image J
to estimate the mean particle diameter, 6 = Y no;/n, and
polydispersity PD = s/c where s is the standard deviation. For
each sample 50 particles were measured.

2.3. Densitometry. The solvent and dispersion density was
measured using an Anton Paar DMA-48 densitometer. The
solvent density was measured as a function of temperature to
ensure an accurate calculation of the scattering length density
(SLD) for SANS data analysis. Densitometry on the dispersion
was analyzed to determine the particle density in solution. A
dilution series was made for each of the silica dioxide particles
as received and octadecyl coated particles consisting of 10
dispersions with particle mass fraction 0 < X < 0.02S. For the
uncoated silica, the stock Ludox (X = 0.513 + 0.006) was
diluted with a 0.1 mM (pH = 9.1 + 0.1) solution of nanopure
H,0O and NaOH to maintain particle stability and match the
mother liquor. The octadecyl coated silica was diluted using
cyclohexane which is a good solvent for the octadecyl brush.
Assuming ideal mixing of the dispersion constituents, the
particle density can be extracted using the following equation:

1
(]
dsolvent (1)
where, duon d

articles AN dggpyene is the solution density,
particle density, and solvent density, respectively.

2.4. Rheology. Rheological measurements were performed
on a TA Instruments AR-G2 stress controlled rheometer with
Peltier plate temperature control, and cone-and-plate geometry
(40 mm cone diameter, and 2° cone angle) with solvent trap.
The temperature of the fluid within the gap was measured and
found to be within the instrument accuracy of +0.1 °C from
the bottom to the top (cone side) of the fluid gap. Conversion
between applied and measured parameters (torque M and
strain y) and the rheological material functions were performed
using the TA Instruments Rheology Advantage software. For T
> ~32 °C the dispersions fluidize and so thermal annealing can
be used to conveniently erase any shear or thermal history. To
maintain a consistency between measurements, each sample
was subject to the same protocol: The sample was (1) heated
to 40 °C and sheared at a shear rate y = 10 s for 2 min, (2)
held quiescent at 40 °C for 2 min, and (3) quenched to the
measurement temperature for 10 min prior to small-amplitude
oscillatory shear (SAOS) measurements. SAOS measurements
were performed at a minimum constant stress amplitude 6, =
17.68 mPa, in the linear viscoelastic regime to prevent any
influence of flow on the development of structure within the
system.

1 1 _ 1
d d

d

solution particles solvent
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2.5. Fiber-Optic Quasi-Elastic Light Scattering. The
dynamic motion of the nanoparticles was measured using a
Brookhaven Instruments 90Plus fiber-optic quasi-elastic light
scattering (FOQELS) with temperature control. The instru-
ment utilizes a 10 mW solid state laser with incident photon
wavelength A 635 nm and backscattering correlator
positioned at 139°. The temperature was monitored in situ
with a calibrated K-type thermocouple (+0.1 °C). The
magnitude of the momentum transfer vector, Q = 1Ql =
47ny/ A sin(0/2), is fixed, where ny is the refractive index of the
sample. For this system Q = 0.025 nm™’, for n, ~ 1.4 (n-
tetradecane, n, = 1.429, and for silica dioxide, n, = 1.456).** We
measured the autocorrelation function (ACF), ¢®(t) — 1,
between 5 and 10° ys for dispersion samples up to ¢ = 0.24. To
maintain thermal consistency between rheological and
FOQELS measurements the samples were subject to the
same thermal protocol discussed above in section 2.4.
Measurements were repeated 6 times to ensure reproducibility.

We analyze FOQELS measurements on the dispersions in
the neighborhood of the gel transition using a fractal model as
follows. For an ergodic system g?(t) — 1 decays exponentially
and can be modeled by g(z)(t) - 1= ﬂLg(l)(Q,t)]Z, where
g(l)(Q,t) is the dynamic structure factor. For simple diffusion in
a monodisperse system, it has the form g(])(Q,t) = exp
(—=DQ*).* Here f is a factor related to the instrument and
sample geometry. From D the average hydrodynamic diameter
can be extracted using the Stokes—Einstein relation D = kzT/
6mpay, where ay, is the hydrodynamic radius. For percolating
systems, such as gelling polymer™ solutions and colloidal
dispersions,”>*'7>* it has been established both theoretically
and experimentally that the autocorrelation function exhibits a
transition to a power-law decay near the gel-transition. For such
systems, Martin and Wilcox showed®***

gP(t) — 1= YA exp( — DQ) + (1 — A)

[1+ (/]2 @
where A (<1) is a weighting factor, t* is a time constant, and n
is the power-law exponent. The exponential component that is
retained in eq 2 accounts for the contribution from the freely
diffusing nonaggregated particles. The power-law decay arises
from the self-similar structures common to fractal aggregates.>*

2.6. Small-Angle Neutron Scattering. SANS measure-
ments were performed at the National Institute of Standards
and Technology (NIST) Center for Neutron Research
(NCNR) in Gaithersburg, MD on both NG3 and NG7
beamlines. Samples were loaded into demountable titanium
cells with a 1 mm path length; additional measurements were
performed in cells with varying path lengths to explore multiple
scattering effects on the scattering profiles. The cell temper-
atures were maintained to +0.1 °C using the 10CB, 10 position
sample cell holder with fluid bath. A wide dynamic range in
scattering wavevector Q was obtained by combining the sector
averaged scattering intensity from three different instrument
configurations at detector distances of 1, 4, and 13 m (with
focusing lenses at 13 m only). The SANS scattering data was
reduced to absolute scale and analyzed with the NIST data
reduction and analysis macros in IGOR Pro available from
NIST.

The absolute coherent scattering intensity can be modeled as

1(Q) = N,P(Q, p)S(Q) 3)
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where N is the number density of particles, p; is the scattering
length density (SLD) of constituent i, and P(Q, p;) and S (Q)
are the average form factor and structure factor describing the
contribution to the scattering intensity from a single particle
and the interference from the spatial arrangement of particles,
respectively. The particles are modeled using a polydisperse
core—shell form factor with a Schultz distribution in ;)article
size.’® S(Q) is calculated using the Ornstein—Zernike®’ (OZ)
equation with the Percus—Yevick®® (PY) closure approximation
scaled by the mean particle diameter.

2.7. Adhesive Hard Sphere Theory. The classic example
from statistical mechanics theory of spherical particles
interacting via a short-range attraction is that of the AHS
fluid first introduced by Baxter.”® The Baxter model is an
analytical solution to the OZ integral equation with the PY
closure approximation for a hard core potential with delta
function at the hard core surface. The delta function accounts
for an infinitely deep and narrow attraction. Within the
framework of this model, the strength of attraction is
characterized by a single interaction parameter termed the
Baxter temperature, 7, such that as 7 decreases the strength of
attraction increases. While the Baxter model represents a
significant advance there are relatively few real systems for
which the potential can be applied. The theory can be extended
to a broader number of systems by using an alternate potential
with finite width, A, and depth, U.> For short-range
interactions, A < 0.1, the potential can be approximated with
the square-well-defined as

© r<o
®(r)=4-U 6<r<oc+A
0 r>c+A @)

where @(r) is the pair-potential. The Baxter temperature, 7, can
be defined in terms of the square-well parameters and the
reduced second virial coefficient, B,*, within the framework of

integral theory by
1 (—U) 1
= —— ¢ = -
12¢ *P\kT 4(1 — B))

where € = A/(c + A).

Cluster formation can be described by specifying the
proximity required for particles to be identified as connected.
If the center-to-center distance is less than some length
(typically < 6 + A) then the two particles are considered
“bound”. A percolation transition occurs when the cluster size
reaches infinity such that there is a continuous network through
the system. Using the pair-connectedness function an analytical
solution to the dynamic percolation transition has been derived
for the Baxter AHS model as'’

T

©)

T_19c|>2—2«1>+1

12(1 — ¢)? (6)

3. RESULTS AND DISCUSSION

3.1. Dispersion Characterization. 3.1.1. Transmission
Electron Microscopy. Transmission electron microscopy
images of the uncoated and octadecyl coated silica are shown
in Figure 2, panels A and B, respectively. From the images it
can be seen that the synthesis procedure for grafting the
octadecane to the surface of the silica has no effect on the silica
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Figure 2. Transmission electron microscopy (TEM) image of (A) the
uncoated and (B) octadecyl coated nanoparticles.

core. As a first approximation the particle diameter and
variation can be measured from the TEM images. From a
population of S0 randomly sampled particles the mean
diameter and polydispersity was found to be 6 = 27 + 7 nm
with PD = 0.1, and ¢ = 29 + 7 nm with PD = 0.09 for the
uncoated and coated particles, respectively.

3.1.2. Densitometry and Estimated Particle Density.
Densitometry was performed on both the uncoated particles
suspended in 0.1 mM NaOH/H,O solution, and the coated
particles suspended cyclohexane. The experimental results can
be seen in Figure 3. The skeletal particle density in solution is

1.008 . T T T
b 1/d, = -0.8280"X + 1.2915 1290
2 _ - 1.
1004 R'=099%0
m silica S
o e coated silica 71285 =
E 1.000 I
T {1280 3
<° 0.996 RS}
= ~
Al {1.275
0.992 -
1/d_, = -0.5626*X + 1.0023
R? = 0.9998 41.270
0.988 L L L !
0.000 0.005 0.010 0.015 0.020 0.025
X

Figure 3. Results of the densitometry experiments for the uncoated
(primary y axis, left) and octadecyl coated (secondary y axis, right)
nanoparticles. The lines represent a fit of eq 1 to the inverse of the
suspension density (1/p,,,) and the mass faction (X) of the disperse
phase.

extracted from a linear regression of eq 1 to the data and found
to be d = 2.270 + 0.001 and 2.158 + 0.001 g/cm’® for the
uncoated and coated particles, respectively. The reduction in
solution density of the coated particles is attributed to the
contribution from the surface layer. From neutron contrast
variation experiments, published elsewhere,*® we determine the
scattering length density (SLD) of the uncoated silica to be
3.553 X 107° A% As the SLD is proportional to the number of
atoms per unit volume, it is straightforward to calculate the
density from the composition, which gives 2.25 + 0.01 g/cm’.

The density of the coated silica can be estimated from a mass
balance on the silica core and brush layer and the average
volume of the particles in solution. The core and shell
characteristics have been well characterized by SANS and
neutron reflectivity which are reported in detail elsewhere.*®
With respect to the core, 6 = 28 + 0.1 nm and polydispersity
PD = 0.1 + 0.00S. The particle diameter and polydispersity
determined with SANS represents the ensemble average over
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the entire scattering volume. This is statistically more accurate
than that extracted through the TEM images, and as such these
values are used in the successive SANS data analysis discussed
later. For the shell, at temperatures above the particle
aggregation temperature the brush layer is in a fluid state and
has a height & = 18.5 & 0.5 A, and solvent concentration ¢ =
0.38, conversely at low temperatures the brush height and
solvent concentration increase to & = 21 + 0.5 A and ¢ = 0.46,
respectively. The density of octadecane is d,, = 0.7768 g/cm?
in the fluid state*® at 30 °C, and 0.93 g/ cm’ as a solid.®® The
density of the solvent n-tetradecane was measured over a
temperature range of 25 to 40 °C (data not shown) with linear
fit d...,(T) = =7.0 X 10°*T(°C) + 0.7770, R* = 0.999. The total
particle density can then be calculated based on a combined
fractional density of the core and shell, dcoyied particde = (4¥®) core
+ (d*) gen- Using this approached, in the fluid state at 30 °C
deore—shen = 1.79 £ 0.01 g/cm?®, upon quenching (25 °C) the
system, and assuming a maximum brush density of crystalline
octadecane, d.y_ger = 1.80 + 0.01 g/cm® The lesser of the
two was used as an upper bound and the density measured
from densitometry was used for the lower bounds for
determining the actual particle concentration from fitting
SANS measurements, discussed later.

3.2. Rheology. The interparticle potential can be tuned
from a HS fluid at high temperatures T > ~32 °C to an AHS by
quenching the system. This, in turn, dramatically changes the
nano- and macroscopic structure within the system. We use
rtheology as a measurement of the bulk mechanical properties
which is sensitive to structural changes, and hence, potential.é1
Specifically, we use SAOS rheological measurements to study
the temperature dependence on aggregation, thermal and
temporal hysteresis, and the dynamical percolation transition of
the disperse phase within the system. The interpretation of the
rheology is corroborated by scattering techniques in the
following section.

3.2.1. Rheological Hysteresis. The temperature dependence
of the storage and loss moduli, G’ and G, respectively, can be
seen in Figure 4A for two different temperature ramp rates and
direction of AT, ie. heating or quenching the system. At high
temperatures, T > ~30 °C, G’ is much smaller than G”, but at
lower temperatures both moduli can rise over S orders of
magnitude within a narrow temperature window of ~2 °C.
Inside this window G’ becomes greater than G” indicating the
formation of a percolated elastic network that spans the system
and is a signature of gelation. The range of absolute
temperature over which this occurs depends on the frequency
of oscillation, ramp rate, and direction of AT. The frequency
dependence will be discussed later within this section. As the
ramp rate is decreased from 1.0 to 0.1 °C/s both the moduli
measured while quenching the system tend toward that
measured in the heating cycle. This suggests the system does
not reach equilibrium during the ramp rates measured, and
clearly indicates a temporal hysteresis of the system. Figure 4B
examines this hysteresis further by plotting G’ vs time in a
constant frequency SAOS measurement where the temperature
is either stepped up from 25 °C (gel state) or stepped down
from 35 °C (fluid state) to a common temperature. The time
required for the moduli to converge increases with increasing
final temperature (decreasing potential strength). The storage
modulus measured at a common equilibrium temperature
merges within a few hundred seconds, but continues to increase
even after long times. This rheological aging is thought to be a
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Figure 4. Small-amplitude oscillatory measurements as a function of
temperature and time for one dispersion ¢ = 0.28. (A) Storage G’ and
loss G” moduli vs temperature. The ramp rate is given in the figure
legend with the direction Up indicating increasing temperature and Dn
decreasing. (B) G' vs time in which the temperature has been
decreased from 35 °C or increased from 25 °C to the temperature
indicated in the legend in units of °C. Data begins at 100s which is the
time the temperature reaches equilibrium in the gap. For both figures
the measurements were performed at a frequency of @ = 27 rad/s.

result of the slow diffusion of the surface chains interdigitating
(see for instance ref 62), but this has yet to be confirmed.
To maintain a consistent structural starting point for
experiments a sample conditioning step was performed which
included heating the sample above 40 °C (see section 2.4) prior
to quenching the system to the desired temperature. Figure 4A
suggests that one should start from a temperature below the
transition region and heat the system,”> but this approach
proved to be inconsistent for more dilute samples ¢ < 0.10
where fragile networks can collapse. Furthermore, it was
imperative to quench from the fluid side of the state diagram as
this work relies on liquid theory to model the structure.
3.2.2. Gel Transition: SAOS. The purpose of the SAOS
rheological analysis is to establish the gel temperature for each
sample. Following the work of Winter and Chambon®’ we
define the gel transition as the point where the slopes of G’ and
G"become 1/2 and equal. Frequency sweep measurements as a
function of temperature in 0.1 °C degree increments can be
seen in Figure S for one dispersion, ¢p = 0.06, the lowest
concentration reported here that forms a stable gel. For T >
28.1 °C G’ and G” have a slope of 2 and 1, respectively, on a
log—log plot, as expected for a dilute dispersion in this
frequency window (ie., terminal viscoelastic behavior). At
lower temperatures G’ becomes increasingly dominant, and the
slope (defined in the graph as dy/dx) decreases from dy/dx
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0.06. Within each plot the slopes, dy/dx, of G’ and G” in the range of log @ > —0.2 are given.
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Figure 6. Storage (G, closed symbols) and loss (G”, open symbols) moduli from frequency sweep measurements at temperatures around the gel
temperature (center, green symbols). Data is offset vertically for clarity by a factor of 0.1 and 10 for the temperatures above the gel and below the gel
temperature (green symbols), respectively.

Table 1. Experimental Material Properties for Each Sample, where d; is the Fractal Dimension

¢ (+5%)

T* (°C) (+0.1)

d; (FOQELS) (+0.05)
d; (SANS) (+0.05)
Hgo (A) fluid (£1)
Hg (A) gel (£1)

7 (fluid) (+5%)
7 (gel) (£7%)

0.06 0.09 0.12 0.17
27.7 27.9 282 28.5
19 2.0 1.8 19
2.0 1.9 1.7 14
18.5 18.5 18.5 18.5
21 21 21 21
0.130 0.19 0.27 0.4
0.096 0.102 0.132

0.24 0.28 0.34 0.37 0.41 0.46 0.52
28.6 28.7 289 29.1 294 30.0 30.8
1.9
1.0
18.5 18.5 18.5 18.5 17 17 17
21 21 20 18 17 17 17
0.45 0.75 0.76 1.1 12 1.6 1.8
0.19 0.28 0.36 0.55 0.75 0.9 1.1

(G') =2at28.1 °C to 0.1 at 27.6 °C. At 27.7 °C the slope of G’
is equal to 1/2 for @ > 0.5 rad/s and is nearly equal to the slope
of dy/dx (G") = 0.4 at the same temperature. Following the
classic analysis of Winter and Chambon,”” we define this
temperature to be the gel temperature. At the lowest
frequencies within the experimental window, @ < 0.5 rad/s,
there is terminal viscoelastic behavior in both G' and G”
associated with a relaxation within the system, which is
expected for a physical gel and stands in contrast to chemical
gels. Note that this well-established rheological definition of the
gel temperature is not only precise and reproducible, but also
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physically meaningful. The dispersion does not flow at this
temperature when a partly filled vial is inverted but will flow
when warmed only slightly. However, when left overnight, the
dispersion will show evidence of creeping, consistent with
physical gelation.

The trend in the temperature dependence of G’ and G” is
universal for all the dispersion concentrations discussed here
that form a stable gel. This is shown in Figure 6 for eight
dispersion concentrations from ¢ = 0.09 to ¢ = 0.46. For each
case the slopes of both dynamic moduli transition through 1/2
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at similar temperatures and marks the point which we define as
T%*; the values are given in Table 1.

3.3. Fiber-Optic Quasi-Elastic Light Scattering. The
particle dynamics are measured as a function of temperature
using FOQELS to provide a second, independent measurement
of T* for comparison with rheology. It is well established that
gelation is a kinetic transition affecting to both self-and
collective diffusion.”* For small length scales relative to the
mean separation distance the scattering probes the self-
diffusion, whereas large length scales probe the correlated or
collective diffusion. The transition between self-and collective
diffusion can be defined through the location of the primary
peak in the structure factor that characterizes the mean
interparticle spacing. This can be approximated by Q, ~ 27/
Ty Where 7., ~ 1/ npl/ ? is the average particle separation, and
n, = 3¢p/4ma’ is the particle number density. In this system Q,
=0.10 and 0.21 A™" for ¢ = 0.06 and 0.24, respectively. Within
the criterion Q < Qp we are probing the collective diffusion of
the particles within all the samples. Hence, with this technique
we are searching for a thermal transition in the collective
diffusion characterized by (i) reduced diffusive motion, (ii) a
distribution of relaxation modes, and (iii) a switch in erogdicity.

FOQELS enables measuring the particle dynamics in most of
the dispersion concentrations ranging from dilute to con-
centrated, see Figure 1. This is done by correlating the intensity
fluctuations at a backscattering angle of 139° which minimizes
multiple scattering effects and beam attenuation from sample
turbidity. However, we limit the analysis of the data as there is
uncertainty in the contribution of multiple scattering and
instead focus on general trends which still persist and provide
clear signatures for gelation. The results of the FOQELS
measurements presented via the ACF can be seen in Figure 7
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Figure 7. Autocorrelation function vs delay time as a function of
temperature near the gel transition. Lines represent a fit of eq 2. The
green symbols represent the dynamical transition temperature.

for four dispersion concentrations from ¢ = 0.09 to 0.24. For ¢
> 0.24 the system dynamics show marked changes with
temperature but are difficult to interpret within the
experimental correlation time window. The general trend of
the ACF is similar for all concentrations measured. At high
temperatures, T > ~32 °C the ACF displays the expected time-
decay signifying structural relaxation by particle diffusion. A
dilution series was measured at high temperatures and used to
extract the hydrodynamic diameter, which agrees well with that
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extracted from SANS (data not shown). Upon quenching
samples at moderate to high concentrations three distinct
changes occur: (i) the exponential decay extends toward longer
correlation times, (ii) the ACF develops a power-law decay at
long correlation times, and (jii) the magnitude of the plateau at
short correlation times decreases. The transition from an
exponential decay to a stretched exponential of the form g")
(Qt) = exp[—DQ*F, where & is the stretch exponential, is a
result of particle clustering broadening the distribution of
relaxation modes.%® The clusters have a well-defined fractal-like
structure that becomes less dense as the aggregate grows in size
leading to a power-law spectrum of relaxation times. A power-
law decay of the ACF (eq 2) has been shown to be associated
with the percolation threshold for pol ers,® in irreversible
aggregating silica,”* copolymer micelles,” and in thermal silica.®
Finally, the decrease in the plateau at ¢ — 0 is known to be a
signature of an ergodic to nonergodic transition, or in this case
gelation.””*>3¥%* Here we identify the gel transition temper-
ature from FOQELS by evidence of both a power-law decay
and the decrease in the plateau intensity. The ACF at the
transition temperature is shown in Figure 7 displayed as green
triangles. The transition temperature defined by the criteria
above agrees within +0.1 °C of the transition temperature
measured using rheology, validing the consistency and accuracy
of the determination.

The power-law decay of the ACF can be further analyzed
with the theory of Martin and Wilcox,>*>> (eq 2). Fits of the
ACEF at the gel transition are shown in Figure 7 (solid line).
The fits yield the power-law exponent, n, which is related to the
underlying microstructure and can be used to give an estimate
of the fractal dimension d; within the system.”> Models have
been proposed for percolating polymers and vary in their
assumptions regarding hydrodynamic and excluded volume
interactions. One example which relates # and d; within the
assumption of screened excluded volume effects is given by®’

_ 3(5 - 2dp)

2(5 — dp) ?)
Calculation of the fractal dimension based on eq 7 leads to d; &
2 for all dispersion concentrations, the values are given in Table
1. This is consistent, within the ability to determine it, with the
expected aggregation mechanism of diffusion limited cluster
aggregation (DLCA).13 In the next section we will compare
these results to the d; extracted from SANS.

3.4. SANS. Small-angle neutron scattering (SANS) is used
to characterize both the single particle properties, and the
collective structure within the system. The major contribution
of this section is to present the method used to extract the
interparticle potential through fitting the scattering intensity
using liquid theory. In a previous work®® we present a detailed
characterization of the silica core, and octadecane shell as the
temperature is quenched through the particle aggregation
transition, and the results are briefly discussed in section 3.1.2.

The scattering intensity is shown in Figure 8 for two dilute
dispersions in the fluid state (40 °C) and in the form factor
limit, I(Q) lim,_, & NpP(Qp,). The systems have different
scattering intensities reflecting different neutron contrast arising
from different solvents, one being hydrogenated and the other
deuterated. The scattering intensities for I(Q) > 0.01 A™" are fit
by varying ¢ only, bound by limits defined in 3.1.2, with two
models using the known material parameters for the core, shell,
and solvent: (i) a polydisperse core—shell model that contains
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Figure 8. Form factor fits of the scattering intensity in the fluid state
(40 °C) for two dilute dispersions, ¢ 0.006 and 0.008, in
hydrogenated (FF-H) and deuterated (FF-D) tetradecane, respec-
tively. The blue (broken) line is a fit of the form factor only [ie.,
setting S(Q) = 1] using a polydisperse core shell model, and the red
(solid) line is a fit which includes a finite contribution of structure
factor using the adhesive hard sphere model.

only P(Q) with the prefactor (broken line) and (ii) a fit that
includes a finite S(Q) contribution using the adhesive hard
sphere model (solid line). In the latter, the same material
parameters are used for P(Q) only the depth of the potential is
varied and not the width (discussed in more detail later). The
prediction of the form factor shows excellent agreement for
both dispersions up to Q ~ 0.01 A", after which the predicted
intensity plateaus while the measured increases slightly. By
including a contribution from S(Q) we are able to fit the
intensity over the entire Q range. This shows that even at high
temperatures in the fluid state there is a small residual attraction
between particles, which is expected as the system is not
perfectly refractive index matched."

SANS measurements were performed over a range of
temperatures spanning the transition from the fluid state
through gelation for all the sample concentrations listed in
Table 1. The scattering intensity evolves systematically in the
fluid state with decreasing temperature within the same
temperature window where marked changes in the rheology
and dynamics are evident, until T*. Near T* but for T < T* the
scattering intensity no longer evolves but remains constant
within experimental uncertainty. This data is presented in
Figure 2a of ref 1 and occurs for all samples measured. The
constant scattering intensity for T < T* indicates an arrest of
the structure at the length scales accessible by SANS. This is
confirmation that the fits of the scattering intensity at T* are
indeed of the structure at the gel transition when quenching
from the fluid phase boundary.

We now discuss fitting the SANS scattering intensity for the
dispersions in both the fluid state and at the gel transition. In
total, the model for predicting the scattering intensity including
the prefactor, form factor, and structure factor includes 10
parameters, 6 of which are known from independent
experiments and held constant. The perturbation parameter €
which defines the square-well width is held fixed for all
concentrations at & 0.01 as it gave the most accurate
description of the scattering profiles and is consistent with
previous work.'>'"** Furthermore, all fits performed with & <
0.1 gave similar results for the Baxter temperature (which is
consistent with the hypothesis of corresponding states for short
ranged attractions).®” The remaining three parameters include
the particle volume fraction ¢, shell thickness h, and the depth
of the potential U. The particle concentration was constrained
by the densities discussed in section 3.1.2, and the shell
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thickness was constrained by physical considerations to 15—21
A. Determining a unique set of material parameters by
minimizing the sum of the residuals over the entire Q-range
is not trivial as each parameter has a convoluted impact on the
predicted intensity. However, we employed a rigid protocol
utilizing features in the scattering intensity in both the fluid and
gel state. In the fluid state the concentration was fit to the
primary interaction peak at Q, & 27/r,,. This value was then
set fixed for the fit of the intensity at the gel transition. The
shell thickness was fit to the trailing edge of the second order
peak due to the form factor as it had the greatest effect on the
curve in this region. Finally, the potential depth was fit to the
low-Q region of the scattering curve. The potential depth was
the only unconstrained variable in the fitting.

Multiple scattering can contribute to the intensity for
concentrated dispersions and is of concern. The probability
of a multiple scattering event depends on various factors which
include the neutron contrast, the incoherent cross section of
the sample, and the sample path length. For all the samples in
which we fit the interparticle potential we used hydrogenated
solvent which has a large incoherent scattering cross section
(~80x deuterium). In addition, these samples have a high
neutron contrast between the core silica and the solvent (Ap ~
4 x 107° A™"). Both contribute to multiple scattering within the
samples and is expected to increase with particle concentration.
This can be clearly seen in Figure 9 which shows the scattering
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Figure 9. Effect of sample path length on the SANS scattering
intensity of two dispersion concentrations ¢» = 0.37 and 0.28 at 40 °C
(fluid state). The scattering curves are shown for two sample path
lengths of 0.13 (closed symbols), and 1.0 mm (open symbols). Inset is
an expanded view of the primary minimum and secondary peak of the
scattering curve showing the effect of multiple scattering.

intensity for two dispersion concentrations of ¢ = 0.37 and 0.28
in the fluid state (40 °C) measured at two path lengths, 1.0 and
0.13 mm. Assuming there is a linear relationship between the
probability of a scattering event and the sample path length, the
thickness of the sample is linearly proportional to the amount
of the multiple scattering. There are distinct differences
between the two curves, but generally, the increase in path
length (proportional to the increase in multiple scattering) has
a similar effect as an increase in polydispersity in the system.
Specifically, features such as the higher order peaks of the form
factor are smeared. In addition, there is a clear increase in the
incoherent background. Fits of the scattering intensity in the
longest path length (open symbols) show good agreement
throughout the entire Q-range except for the higher Q peaks of
the form factor. The scattering profile at the shorter path length
shows even better agreement for the higher Q peaks. Hence, we
attribute these specific deviations between the measured and fit
intensity values to a small amount of multiple scattering, but we
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find multiple scattering has a negligible effect on the fit
parameters.

The SANS scattering intensity at the fluid and gel states for
all the dispersion concentrations can be seen in Figure 10 (A)
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Figure 10. (A and B) Experimental and fit static-SANS scattering
intensity, I, vs scattering wavevector, Q, at 40 °C (fluid state) and at
the gel point temperature (temperatures not shown), respectively.

and (B). A direct comparison between the scattering intensities
in the two states can be seen in Figure 3 of ref." The difference
in the scattering intensity between the fluid and gel state
systematically decreases with increasing particle density. This is
attributed to excluded volume effects, where more dilute
dispersion undergo structural reorientation over larger length
scales compared to more dense systems. Visually this manifests
through sample turbidity which can be seen in Figure 1, an
image of the samples in the gel state. The most dilute sample
(¢ = 0.06) is also the most turbid as the large scale structures
have a greater contribution to the scattered light. In a similar
manner, for dilute to intermediate concentrations 0.06 < ¢ <
~0.24, the SANS scattering intensity exhibits a significant low-
Q rise in intensity, that can be related to a fractal dimension and
correlation length of the fractal repeat unit. The fractal
dimension can be determined experimentally from the Q
dependence of the scattering intensity, I(Q) ~ Q% for QR,
>1.% Ideally, the low-Q curve should be fit over a minimum of
a decade in Q. For the most dilute we are able to fit an entire
decade but for higher concentrations the cut off by the low-Q
plateau reduces the fractal regime of scattering intensity. The
results of fits to the fractal scattering regime are presented in
Table 1. For the most dilute concentration (¢ = 0.06) d; = 2.0
which agrees well with the fractal dimension extracted from
fitting the FOQELS data. For higher concentrations d;
decreases linearly with concentration, whereas the values
extracted from FOQELS maintain d; & 1.9. Note that SANS
and FOQELS are probing very different ranges of structure and
are fundamentally different in what they measure (static
structure versus relaxation spectra) so this difference at
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moderate concentrations is not unexpected, but has not be
explored in the literature.

Fits of the SANS scattering intensity for all the samples in the
fluid state (40 °C) and at T* can be seen in Figure 10, panels A
and B. As a note, we were unable to fit the most dilute sample
¢ = 0.06 as the theory becomes unstable for low-¢ at low 7
values. The values for the fit parameters can be seen in Table 1.
In general, the fits show good agreement over the entire Q-
range. There are deviations in two regions: (i) at the higher
order form factor peaks the deviation increases with particle
concentration, which as discussed is attributed to multiple
scattering, and (i) the low-Q region of the two highest
concentrations. The highest concentrations are the most
difficult for liquid theory to model, but even in this case it
should not have a large impact of the fit parameters. It is also
possible that this deviation at low-Q represents a contribution
from some heterogeneities, which are known to exist in
colloidal glasses.”

The best fit parameters for the shell thickness h were
identical to that found in ref 36 for ¢ < 0.28. For ¢ > 0.28 the
best fit value for the shell height in the gel state decreased to a
minimum of 17 A. In the fluid state the values were consistent
for ¢ < 0.37 and for higher concentrations converged on 17 A
The change in shell thickness with increasing concentration is
consistent with expected overlapping of the brush layer as the
particles are crowded together at higher concentrations. A
similar argument can be made for the fluid state, where now the
brush is solvated and acts to stabilize the particles.”"”*

3.5. State Diagram. The experimentally determined
interparticle potential at the fluid-gel transition is presented
in a state diagram in Figure 11 along with literature data for
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Figure 11. State diagram for the model adhesive hard sphere system
(AHS). (—) Is the liquid—vapor coexistence region with critical point
(red star, 7, = 0.1133 and ¢, = 0.266) as determined by Monte Carlo
(MC) simulation;** the broken line is the analytical solution to the
percolation line using the Percus—Yevick approximation, eq 6, which
extends to the liquid-crystal coexistence region;17 dotted line is the
MC simulation of the percolation transition;”* gray shaded region is
the liquid-crystal coexistence region from the modified weighted-
density approximation (MWDA) theory;”* (—) repulsive and
attractive driven glass (RDG and ADG) lines from model coupling
theory (MCT) with point singularity, A; (blue circle), shifted to higher
particle densities from experimental data.” (O) and (O) are the
experimental percolation points of Verduin and Dhont and gel
transition of Grant and Russel,'” respectively. The green triangles are
the experimentally determined dynamical arrest transition from this
work.

accepted state and phase transitions for the AHS system, and
previous experimental results. At low ¢ and high attractive
strength (low 7) there is a liquid—vapor coexistence region with
critical point at 7. = 0.1133 and ¢, = 0.266 (star) predicted by
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MC simulations.** Conversely, at high ¢ and weak attractions
there is a liquid crystal coexistence region calculated from
modified weighted-density approximation theory.”* For mono-
disperse systems the liquid-crystal coexistence line extends to
more dilute volume fractions but it is well-known that
polydispersity impedes crystallization.”® This is in addition to
a RDG line which intersects the ADG line with mode-coupling
theory singularity A;.”® As is typically done, the location of the
RDG and ADG lines calculated from MCT are shifted to higher
particle densities by using known experimental data as the
MCT under predicts the RDG line.> The dynamic percolation
line as calculated by the pair-connectedness function within the
PY approximation, eq 6, can be seen extending from the
liquid—vapor coexistence region at low-¢ to the liquid-crystal
coexistence region at high-¢p."” In addition, the percolation
transition as predicted by MC simulations can be seen
following a similar ¢ dependence as the theory.”> The
experimentally determined points which bound the dynamical
arrest transition (triangles) correspond closely to percolation
theory up to ¢ = 0.41. For ¢ > 0.41 the boundary tends toward
the MCT ADG line. This represents a major contribution of
this work: namely, that for the AHS nanoparticle system the
dynamical arrest (gelation) transition extends from the dilute
particle concentration side of the liquid—vapor coexistence and
above the critical point following predictions of percolation
theory until at sufficiently high concentrations it subtends to
the predictions and joins the MCT ADG line.

The results of the dynamical arrest transition differ
quantitatively from previous results by Verduin and Dhont"'
and Grant and Russel'> who studied similar octadecyl-coated
silica particles (radii of 38 nm for the former, and 47, 56, and 72
nm for the latter) but in different suspending media (benzene
and hexadecane) and with different methods to determine the
gel point. Indeed, their methods focus on static percolation
(nonergodicity of all particles), as opposed to the determi-
nation of the dynamical arrest defined herein (existence of a
self-spanning cluster), which is more appropriately connected
to the dynamic percolation (as validated experimentally). Their
data is also plotted in Figure 11 for comparison. In all cases the
data agrees at dilute concentrations where the gel line intersects
the liquid—vapor coexistence region. For higher concentrations
the results by Grant and Russel show little dependence on ¢,
while that of Verduin and Dhont follow the theoretical
percolation transition and corresponds to our data up to ¢ =
0.3. For ¢ > 0.3 our results diverge. It is likely that the
differences are due to the definition of the gel transition, the
approach to measuring the strength of attraction, and the
solvent. The temperature of dynamical arrest corresponding to
the gel transition is defined by Verduin and Dhont as the point
where the observed speckle pattern of scattered light becomes
static in a light scattering experiment. From measurements of
the dynamics seen in Figure 7 it is clear that this definition will
lead to a lower T* than the point of dynamic percolation, which
we define here as the dynamical arrest transition. In addition,
these authors use benzene as the suspending medium, which
changes the molecular mechanism responsible for particle
attraction (although it is not clear if this should have any effect
on the results).>” In the work of Grant and Russel, the strength
of attraction was determined by fitting the low-Q static light
scattering results in the fluid region to a linear function of
temperature and extrapolated to T*. This approach led to an
even lower 7 than that found by Verduin and Dhont and the
extrapolation approach was found to be least accurate for their
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smallest sized particles. Thus, although it remains unclear why
these two prior determinations differ from each other,'' it is
consistent with expectation that our determination of dynamic
percolation should lie above these determinations of static
percolation on the AHS state diagram. It is interesting to
speculate about how the gel transition defined by static
percolation might merge with the ADG transition, as the ADG
would have the same signatures used to determine the static
percolation transition. Their experimental data do not extend to
sufficiently high concentrations to be definitive, but the data do
not appear to extrapolate to the MCT predicted ADG line. This
is in contrast to our data, which merge smoothly from the
predicted percolation transition to the MCT ADG. We note
that gravitational settling may play an important role in
comparing measurements, such that particle size may be very
important in these experiments.'® This effect is the subject of
ongoing research.

The work presented herein focuses on thermal silica which is
a l-component system where the attraction is a manifestation
of a surface molecular phase transition of the brush layer.
However, there is a si§niﬁcant body of literature pertaining to
depletion aggregation.>****”” The most widely used system
being colloid—polymer mixtures where sterically stabilized poly
methylmethacrylate (PMMA) is the colloid.'® In this case
entropy drives particle aggregation and acts as an effective
attraction between particles in which the strength and range of
attraction are controlled by the free volume concentration and
polymer size. However, it is nontrivial to quantify experiments
as the relation between polymer concentration and potential is
complicated by the multicomponent fluid and the conforma-
tional states of the polymer in solution.”® Furthermore
complications arise as colloid—polymer mixtures are bicompo-
nent systems where the polymer phase partitions strongly with
the colloidal phase upon aggregation.”* Recently, Lu et al.”’
reported that phase separation precedes gelation in PMMA-
polymer mixtures and suggests that this mechanism should
apply to all AHS systems, which would imply that gelation is
fundamentally a jamming transition induced by phase
separation rather than a homogeneous dynamical arrest within
the fluid. Our gelation transition intersects the predicted phase
boundary at ¢ & 0.15, which is slightly higher than observed by
Verduin and Dhont and about the same as observed by Grant
and Russel. However, our transition lies above the critical point
such that gelation for more concentrated systems clearly
precedes without phase separation. Indeed, our samples for low
concentrations within the predicted two phase region gel
without evidence of phase separation, which is consistent with
previous reports for nanoparticle dispersions where gelation is
fast relative to phase separation.'’ Here again the large particle
size and different molecular mechanism of inducing the
attractive interactions probably plays an important role in
explaining the differences in observation.

The potential parameters extracted from experiments using a
square-well potential are present in terms of 7 in Figure 11. It
has been argued through the Noro-Frenkel® extended law of
corresponding states that for short-range attractive systems A <
0.1c it is not the shape of the potential that defines the phase
behavior but the reduced second virial coefficient Bj'. As there
is a one-to-one correspondence between the Baxter temper-
ature and B¥ (given by eq S) our data can also be represented
in this form. For reference, Bf = 1 and B5 = 0 corresponds to a
hard sphere fluid and the definition of the Boyle temperature,
respectively. In Figure 12 we plot B§ as a function of volume
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Figure 12. The reduced second virial coefficient B,* vs dispersion
concentration measured in the fluid state and at the dynamical arrest
transition. The vapor—liquid coexistence with critical point is from ref
42.

fraction. In the gel state, Bf increases monotonously with
concentration for ¢ < ~0.4 and changes in sign from negative
at densities below the critical concentration ¢¢ = 0.266 to
positive at higher values (i.e, the Boyle temperature is
approximately the critical temperature along the gel line for
the critical volume fraction). The significance of sign change of
Bj§ in the vicinity of the ¢, has yet to be elucidated by theory,
but is intriguning as a possible signature of a gel-to-glass
transition. For ¢p > ~0.4 the slope of Bf changes dramatically
and the experimental data subtends the predictions of the
percolation prediction. Linear fits of both regions intersect at ¢
~ 0.36, and it is in the vicinity of this concentration (0.36 < ¢ <
0.4) we speculate that there is a change from a gel (as defined
by dynamic percolation) to an glass. In the latter case caging by
neighboring particles can significantly contribute to dynamical
arrest, whereas for more dilute concentrations the formation of
fractal-like dynamic aggregates is the known mechanism. The
apparently linear dependence of B on ¢ along the dynamic
percolation line has, to our knowledge, not been previously
reported. This observation helps to explain the absolute
temperature dependence of the gel transition with particle
concentration and illustrates the complementary roles played
by direct particle energetics (ie, the AHS attraction and
interparticle energy) and particle crowding (excluded volume
and entropy); less attraction is required for dynamical arrest as
particles are crowded by increasing concentration. Hence, with
this work we find that the dynamical arrest transition is
dependent on both the strength of attraction and the excluded
volume driving forces, and that there is a continuous line from
dilute systems, where fractal-like gels form to concentrated
glasses.

From Figure 12 it is clear the two most dilute concentrations
are buried within the vapor—liquid phase transition, yet
experimentally there was no indication of a macroscopic
phase separation through visual sedimentation. One explan-
ation is that gel formation resultin§ in a percolated system is
faster than spinodal decomposition.”' It is also possible that the
surface molecular brush does interdigitate, which could act as
an increase in the surface friction and prevent the formation of
dense and large aggregates, which are a characteristic in phase
separated systems.” Particle size effects are thought to be very
significant'® and ongoing studies may shed light on this
difference.

4. CONCLUSIONS

In this work we use a model nanoparticle system with
thermoreversible interactions to experimentally map out the
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dynamical arrest transition of the AHS model for dilute to
concentrated conditions. Combining rheology and scattering
techniques (FOQELS and SANS) enable establishing the gel
temperature with precision and accuracy, and to translate the
experimental measurements unambiguously to compare with
the model system parameters and existing simulation and
theory for the AHS state diagram. Here, T* is defined using the
rheological criterion of Winter and Chambon.*” This transition
is corroborated quantitatively by independent measurements of
the particle dynamics as characterized by an exponential decay
of the ACF and an ergodic to nonergodic structural transition.
Fits of the SANS scattering intensity at T* to liquid state theory
yields the Baxter temperature corresponding to T* and enables
direct, quantitative comparison to theory for the AHS model
system. A continuous dynamical arrest transition extends from
the vapor—liquid coexistence region at low-¢ following the
predicted dynamic percolation transition above the critical
concentration and occurs without macroscopic phase separa-
tion. For ¢ ~ 0.4 this transition subtends the percolation line
and smoothly merges with the predicted attractive driven glass
transition. Differences with prior reports for related, but
different thermally reversible gelling dispersions can be partly
attributed to the difference between dynamic and static
percolation. Interestingly, when cast in terms of the second
virial coefficient B¥ our results suggest a change in the
contributions to the dynamical arrest transition from that
dominated by interparticle interactions to that dominated by
excluded volume caging possibly leading to a distinction
between a gel and a glass. Based on previous work and our
results, it is clear that thermally reversible model AHS systems
exhibit a gel transition that falls within the two phase boundary
for ¢ < ~0.15. However, we observe gelation without phase
separation, which may be a result of using nanoparticles such
that gelation is fast relative to phase separation and gravitational
forces are not sufficient to enhance phase separation. Future
studies will examine the effects of particle size on the gelation
and phase separation behavior at low concentrations.
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