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hard particles with short-range
attraction induced by bridging of small soft
microgels

Junhua Luo,ab Guangcui Yuan,*a Chuanzhuang Zhao,c Charles. C. Han,*a Jie Chend

and Yun Liude

In this study, mixed suspensions of large hard polystyrene microspheres and small soft

poly(N-isopropylacrylamide) microgels are used as model systems to investigate the static and

viscoelastic properties of suspensions which go through liquid to gel transitions. The microgels cause

short-range attraction between microspheres through the bridging and depletion mechanism whose

strength can be tuned by the microgel concentration. Rheological measurements are performed on

suspensions with the volume fraction (F) of microspheres ranging from 0.02 to 0.15, and the transitions

from liquid-like to solid-like behaviors triggered by the concentration of microgels are carefully

identified. Two gel lines due to bridging attraction under unsaturated conditions are obtained. Ultra-

small angle neutron scattering is used to probe the thermodynamic properties of suspensions

approaching the liquid–solid transition boundaries. Baxter's sticky hard-sphere model is used to extract

the effective inter-microsphere interaction introduced by the small soft microgels. It is found that the

strength of attraction (characterized by a single stickiness parameter s) on two gel lines formed by

bridging is very close to the theoretical value for the spinodal line in the s–F phase diagram predicted by

Baxter's model. This indicates that the nature of the gel state may have the same thermodynamic origins,

independent of the detailed mechanism of the short-range attraction. The relationship between the

rheological criterion for the liquid–solid transition and the thermodynamic criterion for the equilibrium–

nonequilibrium transition is also discussed.
1. Introduction

The nature of gelation in short-range attractive colloidal
systems where the interparticle potential has a range signi-
cantly smaller than the colloidal size has received signicant
attention in recent years.1–3 Various routes to the gel state have
been proposed, including the out of equilibrium route such as
diffusion-limiting cluster aggregation (DLCA) models in the
limit of very strong attraction,4–6 the non-equilibrium route such
as arrested phase separation,7–10 and the equilibrium route in
which the gel line can be more stable than the coexistence
curve.11,12 The DLCA route has been known as the purely kinetic
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process in which fractal clusters grow irreversibly due to strong
attraction and ultimately interconnect to create a space-span-
ning network even at a very low colloid volume fraction (F).
Controversial problems remain for systems with a nite
strength of attraction (U) of ( 10kBT (kB is Boltzmann's
constant, and T is the temperature), due to which the system
may undergo a liquid–gas phase separation that interferes with
dynamical arrest. The relative position of the gel line and the
liquid–gas coexistence line in the U–F plane, in other words,
how percolation interferes with phase separation, is closely
related to a central question of recent research in colloidal
science that whether colloidal gels can be described in a
colloidal glass framework invoked by mode coupling theory.13,14

Various systems, such as charge stabilized colloidal particles
with an added electrolyte,15–17 colloidal particles coated with a
thermal sensitive surface layer,18,19 proteins,10 etc. have been
used to study the gelation behavior of attractive colloids. But the
most widely used model systems are mixed suspensions of
colloids and non-adsorbing polymers with a depletion attrac-
tion. A notable example is sterically stabilized poly-
(methylmethacrylate) particles suspended in organic media
with polystyrene as the depleting agent.7–9,20,21 The range and the
depth of depletion potential can be easily adjusted by,
This journal is © The Royal Society of Chemistry 2015
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respectively, the size ratio and the free volume concentration of
the non-adsorbing polymer.22,23

Addition of a small amount of adsorbing polymer to colloidal
dispersions can also lead to aggregation or gelation. The gela-
tion mechanism at the molecular level, either by bridging or
depletion, depends on whether the added polymer is an
adsorbent or non-adsorbent.24 The interpretations of the
bridging mechanism and depletion mechanism are distinct,
where the former gets its name from the direct link or “bridge”
between neighboring particles in the aggregates, and the latter
from the fact that the region between the neighboring particles
is “depleted” of polymer.25–27 Compared to the widely-used
depletion attraction, sticking of two particles by bridging also
corresponds to a short-range attractive interaction between the
two particles if the radius of gyration of the added polymer is
smaller than the colloidal size. Theoretical models28,29 and
direct measurements30–32 show that, for attractive interactions
induced by the bridging polymer in the inter-surface gap, the
range is in the order of radius of gyration of the added polymer
and the strength is very sensitive to the surface coverage.
Therefore, in the statistical-mechanical approach, the inter-
particle potential in a mixed suspension of colloids either with
adsorbing polymers or with non-adsorbing polymers can be
treated by the same model, such as Baxter's33 sticky hard-sphere
potential. For example, Dickinson25–27 mapped out the equilib-
rium gelation behavior in a concentrated dispersion either by
bridging occulation or by depletion occulation with the same
statistical model based on Baxter's33 approach. Baxter's33 model,
with a rather unphysical innitely deep potential at close
contact, is a relatively simplied model, but it correctly predicts
the essential features of a sticky hard-sphere system.34 Baxter's33

approach to the adhesive system has the advantage that the
phase diagram including the spinodal35 and the dynamic
percolation36 can be determined analytically. Experimentally,
the effective interaction between colloids can be extracted from
scattering data with a structure factor model based on Baxter's33

potential. For example, by using small-angle X-ray scattering,
Bharti et al.37 investigated the inuence of pH, ionic strength
and protein concentration on the effective interaction between
silica particles caused by protein bridging.

Although bridging is a direct way to stick colloids which
leads to gel formation, the systems with bridging attraction are
rarely taken as model colloidal systems in the investigation of
gelation behaviors of colloids with short-range attraction. The
bridging occulation is oen taken as a purely kinetics-
controlled process. A well known characteristic of polymers
which induced bridging occulation is that the system tends to
become re-stabilized at high polymer concentrations as the
particle surfaces become fully saturated at the monolayer level
by the adsorbing polymeric species. In other words, for a given
volume fraction of colloid, a liquid–gel–liquid transition will be
obtained with increasing concentration of adsorbing polymers.
Therefore, there shall be two gelation boundaries due to the
bridging mechanism. The existing theories of bridging occu-
lation are based on the well-known kinetic model of La Mer,38,39

with a factor q(1 � q) being roughly used to evaluate the effi-
ciency and sensibility for irreversible binary collisions between
This journal is © The Royal Society of Chemistry 2015
the primary particles. Here, q is the surface coverage which
measures the fraction of the surface of the colloidal particle
covered by the adsorbed polymer.

In this study, we use mixed suspensions of large hard
microspheres and small so microgels as model systems to
investigate the thermodynamic and viscoelastic properties of
suspensions which approach the liquid–gel–liquid transitions
through bridging and steric stabilized mechanisms. Small
poly(N-isopropylacrylamide) (PNIPAM) microgels are adsorb-
able onto the surface of large polystyrene (PS) microspheres. For
a given volume fraction of PS microspheres (FMS), with
increasing concentrations of microgels (FMG), the stabilizing
bare microspheres rst aggregate with each other through the
bridging of microgels, then disperse individually when satu-
rated adsorption is achieved. The rheological, microscopic and
light scattering characterization of the aggregation, gelation
and glass transition of this mixing system has been reported in
our previous publications.40,41,61 The dosage of microgels is an
important factor in triggering the aggregation and stabilization
of microspheres. In this study, small-amplitude oscillatory
shear rheological measurements are performed on suspensions
with FMS ranging from 0.02 to 0.15, and the transitions between
liquid-like and solid-like behaviors triggered by FMG are care-
fully identied. The gelation boundaries, due to bridging
attraction under unsaturated conditions, are identied.

Previous experimental42,43 and theoretical44,45 studies have
shown that the precise shape of the attractive part of the
interaction potential appears to be rather unimportant for
thermodynamic phase diagrams provided that the range of
attraction interaction is signicantly short compared to the size
of colloidal particles. Moreover, when the strength of attraction
in terms of stickiness s or normalized second virial coefficient
B*
2 (s and B*

2 are related to each other) is used as the control
parameter, at a given value of stickiness, not only the thermo-
dynamic properties such as the inter-particle structure factor
S(q) (q is the scattering vector) but also dynamics are identical
for potentials with different ranges of square-well attraction.1,46

Therefore, in the present study, Baxter's sticky hard-sphere
potential will be used to understand the data from Ultra-small
Angle Neutron Scattering (USANS) and investigate the micro-
structure of the dispersions at and around the gelation
boundaries given by rheological measurements. Quantitative
modeling of the USANS scattering prole with Baxter's potential
yields the strength of attraction in terms of stickiness s. By
combining with the s–F phase diagram derived from Baxter's
potential,33–36 we compare the thermodynamic properties of the
dispersions approaching the gelation boundaries. Our aim is to
build a model system with short-range attraction coming from
the clearly well-dened bridging interactions and to nd out the
nature of the gel state in short-range attractive colloidal
systems.

2. Experimental section
2.1 Materials and sample preparation

The preparation method of the mixed colloidal system used in
the current experiments was previously described.40,41 The PS
Soft Matter, 2015, 11, 2494–2503 | 2495
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microspheres were synthesized through one-stage dispersion
polymerization. The radius of gyration (Rg) of PS microspheres
determined by USANS is 1023 nm. The hydrodynamic radius
(Rh) of PS microspheres determined by dynamic light scat-
tering (ALV/DLS/SLS-5022F) is about 1300 nm and the poly-
dispersity index is about 1.06. The bulk density of polystyrene
(r ¼ 1.05 g cm�3) is used to calculated FMS. The PNIPAM
microgels were synthesized according to the procedure of
Senff and Richtering.47 The Rh of PNIPAM microgels is deter-
mined to be 130 nm at 20 �C by dynamic light scattering (ALV/
DLS/SLS-5022F). The effective FMG in its dilute dispersion is
estimated from viscosity measurements via the Batchelor48

expression:

h0/hs ¼ 1 + 2.5Feff + 5.9Feff
2, (1)

where h0 and hs are the viscosity values of the microgel
dispersion and the solvent, respectively, and Feff is the effective
volume fraction. To determine FMG, we assumed that the
swelled microgel particles could be modelled as hard spheres in
a dilute suspension and we have FMG ¼ Feff. Actually, the actual
volume fraction of PNIPAM microgels is changed when mixing
with PS microspheres due to adsorption and deformation, but
FMG estimated from the hard sphere approximation is still used
as a measure of the dosage of PNIPAM microgels in mixed
suspensions in the present study, which will not affect the
discussion. The mixed suspensions of PS microspheres and
PNIPAM microgels are homogenized by ultrasonic waves at
20 �C for 60 minutes aer mixing.
2.2 Rheology

Rheological properties of the dispersions were investigated
using a stress-controlled rheometer (Anton Paar MCR 501) with
a 25 mm cone-plate geometry. Silicon oil was coated on the edge
of the cone-plate sample cell to prevent the evaporation of
solvent. As a standard protocol, a high strain dynamic shear
rejuvenation (g0 ¼ 1000%, u ¼ 1 rad s�1) was performed fol-
lowed by a waiting time of typical 30 minutes before each
experiment. A waiting time of 30 minutes was chose to ensure
that the viscoelastic properties did not change and reproducible
results were obtained in consecutive tests. The oscillation strain
sweep measurements were performed at a constant frequency
of u ¼ 1 rad s�1. The maximum stress during the strain sweep
was recorded. The temperature was kept at 20 �C during the
rheological measurement.
2.3 Ultrasmall-angle neutron scattering (USANS)

USANS measurements were carried out at the U.S. National
Institute of Standards and Technology (NIST) on a BT5 perfect
crystal diffractometer. By using a neutron wavelength of 2.4 Å
(6% Dl/l), a q-range of 0.00003–0.0026 Å�1 was accessed.49

Samples were loaded into demountable titanium cells with a
1 mm path length. The data were reduced to absolute scale and
analyzed with the NIST-provided algorithms for WaveMetrics
Igor Pro soware.50
2496 | Soft Matter, 2015, 11, 2494–2503
The application of small-angle neutron scattering or X-ray
scattering to investigate the structure of polymer-occulated
monodispersed particles has been reported.37,51,52 The tech-
nique is based on the fact that the interference pattern of the
scattered radiation is determined by the distribution of the
separations between particle centers in the ocs. Scattering
from colloidal dispersions results from the difference in the
scattering length density (SLD) between the particles and the
surrounding medium. Scattering from the adsorbing species
makes a negligible contribution.24 In the present system we
have two types of particles, viz. PS microspheres and PNIPAM
microgels. But the scattering intensity is dominated by the PS
microspheres due to their larger size and higher neutron scat-
tering contrast against the medium compared to the PNIPAM
microgels. The scattering from the microgels bound to the PS
microsphere or dispersed in the solvent can be neglected during
data analysis. Hence, our USANS data can be analyzed by the
formalism for one-component particle dispersions. The effects
caused by the PNIPAM microgels are indirectly incorporated
into their inuence on the effective interaction between the PS
microspheres. To avoid the sedimentation of PS microspheres,
a buoyancy-matching mixture of H2O and D2O with equal
volume was used as the solvent in the present study.

The absolute coherent neutron scattering intensity can be
modeled as

I(q) ¼ Dr2FPVPP(q)S(q), (2)

where Dr is the difference in SLD between the particles and the
solvent/matrix, FP is the volume fraction of particles (here PS
microsphere), VP is the volume per particle, and P(q) and S(q) are
form factor and inter-particle structure factor describing the
contribution to the scattering intensity from a single micro-
sphere and the interference from the spatial arrangement of
microspheres, respectively. Here, the PS microspheres are
modeled using a monodisperse sphere form factor. S(q) is
calculated using the Ornstein–Zernike53 (OZ) equation with the
Percus–Yevick54 (PY) closure approximation scaled by the mean
particle diameter.

An analytical solution to the OZ equation with the PY closure
approximation for an adhesive pair potential was obtained by
Baxter33 with a pair-wise potential dened as

VðrÞ ¼ lim
D/0

8>>><
>>>:

N r\s

kBT ln

�
12s

�
D

sþ D

��
s# r# sþ D

0 r. sþ D

; (3)

where D represents the width of the square well, and s is the
hard-core particle diameter. The range of attraction, charac-
terized by a perturbation parameter 3 ¼ [D/(s + D)], should be
held less than 0.1.45 Within the framework of this model, the
strength of attraction is characterized by a single interaction
parameter s (stickiness parameter), which is a dimensionless
indicator of the temperature. The quantity s�1 is a measure of
stickiness of the particles, with s�1 / 0 corresponding to the
non-sticky hard sphere. s is related to the reduced second virial
coefficient B*

2 by
This journal is © The Royal Society of Chemistry 2015
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s ¼ 1

4
�
1� B*

2

�: (4)

The pair-interaction potential of our system can be modelled
with Baxter's33 potential since the size of the PNIPAM microgel
is very small in comparison to the size of the PS microsphere.
The tting of scattering intensity includes 7 parameters: volume
fraction (FMS), radius of sphere (Rg ¼ 10 230 Å), SLD of sphere
(1.4 � 10�6 Å�2), SLD of solvent (2.9 � 10�6 Å�2), perturbation
parameter (3), stickiness (s) and background. The rst 4
parameters are acquired from independent experiments. For
the tting of the perturbation parameter using Baxter's sticky
hard-sphere model, it uses the limiting case where the range of
attraction approaches zero. The background is obtained from
the asymptotic value at large q as the scattering intensity is
expected to follow the Porod law. Therefore, the stickiness is in
fact the only unconstrained variable in the tting.
3. Results and discussion
3.1 Bridging and depletion

In our previous study,40,41 we have visually observed the effects
of FMG on the clustering and stabilization behaviour of parti-
cles by using optical microscopy. A schematic illustration of
clustering (or gelation) of the PS microsphere with increasing
FMG has been proposed in our previous publication.41 For the
readers' convenience, we reuse the schematic diagram in the
current paper as Fig. 1. (a) With the absence of PNIPAM
microgels, PS microspheres are homogeneously dispersed in
the suspension. The stability of PS microspheres is provided by
a very thin (about 18 nm) poly(vinylpyrrolidone) (PVP) layer,
which is non-charged and water-soluble, covalently bonded to
the surface of PS microspheres. (b) With the addition of a
small amount of microgels, clusters form, and they grow
dramatically with a little more microgels. The adsorption of
PNIPAM microgels onto the surface of PS microspheres is
conrmed by dynamic light scattering, whose results show
that the Rh of microspheres with addition of microgels is larger
than that without the addition of microgels.41 The unambig-
uous bridging of microgels is also conrmed by scanning
electron microscopic observation of the lyophilized mixed
suspension in which the microsphere surface is partially
Fig. 1 A schematic illustration of clustering (or gelation) of the PS
microspheres with increasing concentrations of the PNIPAM microgel
(FMG), reprinted from Fig. 9 of our previous paper.41 The microspheres
and microgels are presented by blue circles and red circles, respec-
tively. The microspheres, microgels and depletion layers are repre-
sented by blue circles, red circles and dotted circles, respectively.

This journal is © The Royal Society of Chemistry 2015
covered by some aky microgels and the gap between micro-
spheres is connected by microgels. (c) When FMG increases to
a certain value, the large clusters dissolve and the visible
particles are completely dispersed. The stability of PS micro-
spheres under these conditions is provided by the adsorbed
microgels which fully covered the surface of PS microspheres
and played the role of a stabilizer. (d) With a further increase of
FMG to an over-saturated state, clusters re-appear. The reason
has been taken as depletion attraction. This re-entrance
aggregation behavior with increasing FMG is very interesting,
as it is similar to the entropy-driven freezing transition in
binary colloidal mixtures of hard spheres with two different
sizes.58 Here, the PS microspheres with surface completely
coated with PNIPAMmicrogels correspond to the large particle
in binary colloidal mixtures, while the extra free PNIPAM
microgels in suspension correspond to the small particles. In
the hard sphere limit, the diameter ratio of large particles to
small particles is about 10.

It is known that when the net particle–polymer (here
microgel) interaction is weak, the bridging and depletion types
of occulation are reversible, and a small change in the
condition of solution may cause a substantial change in the
equilibrium extent of occulation, or even in the type of oc-
culation.24,27 PNIPAM is considered as a typical water-soluble
polymer which bears both hydrophilic (amide) and hydro-
phobic (isopropyl and the backbone) groups. The driving force
for the adsorption of the PNIPAM microgel to the surface of PS
microspheres coated with a very thin PVP layer is considered to
be hydrophobic interactions. The critical adsorption free energy
needed for polymer adsorption is relatively low, of the order of
0.3kBT per segment,59 and the hydrophobic interaction between
the PNIPAM microgel and PS microsphere shall satisfy this
requirement. With the addition of a small amount of microgels,
adsorption of the PNIPAM microgel onto the PS microsphere
surface occurs under the condition that the adsorption free
energy is able to compensate for the congurational entropy
loss which occurs on transfer of the PNIPAM microgel from
solution to an interface. The adsorption and bridging mecha-
nism for this specic system has been discussed in our previous
work.40 It has been found that the adsorption of a free microgel
to one microsphere surface is very fast with relatively negligible
desorption, but the connection of the adsorbed microgel to
another microsphere surface is a reversible process. It should be
emphasized that the reversible bridge formation and discon-
nection process is very important because of the following two
factors. First, it is the essential prerequisite for the structure or
state transition tuned by FMG for this specic system. Second, it
provides us the possibility to apply Baxter's theory to the
bridging system, at least for the case with q/ 0 or (1 � q)/ 0,
because Baxter's model describes the equilibrium properties
and structure. Generally, irreversible adsorption originates
from themultiple anchoring points on themicrosphere surface,
because desorption of a microgel requires a simultaneous
release of all anchoring points and a fast diffusion of the
microgel away from the particle surface. With the increasing
amounts of microgels until the volume fractions of small and
large particles are comparable, there will be many more small
Soft Matter, 2015, 11, 2494–2503 | 2497
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particles than large particles, and the small spheres will provide
the dominant contribution to the free energy (and entropy) of
the system. The entropy-driven depletion effect will produce an
effective attraction potential between large particles with the
well depth being approximately proportional to the volume
fraction of free small particles.

The effective inter-microsphere interaction during the
stabilization / occulation / re-stabilization / occulation
process triggered by FMG is characterized by USANS. Fig. 2(a)
gives the absolute scattering intensity I(q) obtained from rela-
tively dilute dispersions of PS microspheres (FMS ¼ 0.02)
without and with four different concentrations of PNIPAM
microgels. As a comparison, the scattering data (star symbols)
for a dispersion of PNIPAMmicrogels withFMG¼ 0.14 (which is
much higher than that used in mixed suspensions) are also
provided. The scattering contribution of PNIPAM microgels is
found to be smaller than that of PS microspheres by nearly a
factor of 1000. Therefore, it is clear that the scattering is
Fig. 2 (a) Experimental (symbols) and fit (solid lines) intensity data
scattered from suspensions with FMS ¼ 0.02. The scattering data (✳)
from the dispersion of pure PNIPAM microgels (FMG ¼ 0.14) are also
provided. Insets are the corresponding pictures of samples with a
window diameter of 1 inch. (b) An expanded view of the scattering
curves in the intermediate q region (8.0 � 10�5 < q < 3.0 � 10�4 Å�1).
(c) The corresponding reduced second virial coefficient B*

2 vs. mixing
ratio (FMG/FMS).

2498 | Soft Matter, 2015, 11, 2494–2503
dominated by PS microspheres. As a matter of fact, at high q
values (q > 3.0 � 10�4 Å�1, qR > 3.0) where the main feature is
the shape of the particles, all scattering curves from mixed
suspensions are in agreement with that of the PS microsphere
suspension without PNIPAM microgels. In the intermediate q
region (8.0 � 10�5 < q < 3.0 � 10�4 Å�1), where the interfer-
ence is determined by the correlation of the centers of PS
particles, no noticeable peak is found for all curves, which is
clearly different from those colloidal systems with strong long
range repulsion.19,37,51,52 The absence of the peak and depres-
sion in this length scale indicates that there is no preferred
distance between PS microspheres. At low q values (q < 8.0 �
10�5 Å�1) which correspond to distances larger than the
dimensions of the individual particles or the separations
between them, the scattering curves for mixed suspensions
(except the one with FMG/FMS ¼ 1.9 � 10�2) resemble that of
bare PS microspheres for which I(q) approaches a constant
limiting value, indicating a stable colloidal dispersion or no
existence of macroscopic ocs. At least, most microspheres
remain free even when clusters exist. While for the sample
with FMG/FMS ¼ 1.9 � 10�2, there is a considerable rise in the
intensity toward the q / 0 limit indicating that this colloidal
liquid is trapped into a structure which is heterogeneous at
large length scales. The real space photographs in the inset of
Fig. 2(a) show that the mixed suspension with FMG/FMS ¼
1.9 � 10�2 is clearly split into a colloidal-poor phase and a
colloidal-rich phase.

Fig. 2(b) is an expanded view of the scattering curves in the
intermediate q region (8.0 � 10�5 < q < 3.0 � 10�4 Å�1). Within
experimental accuracy, the scattering curve from the sample
with FMG/FMS ¼ 0.26 is almost identical with that of bare PS
microsphere dispersion, and the scattering curve from the
sample with FMG/FMS ¼ 1.43 is almost identical to that with
FMG/FMS ¼ 4.3 � 10�3. It should be noted that Baxter's33

model provides an analytical solution only for the equilibrium
dispersion.55 There are no physical acceptable solutions for
the PY equation for systems inside the unstable region, or in
other words, for systems with the stickiness parameter below a
boundary value (sB). The boundary values as a function of
particle volume fraction are provided in ref. 35. The green
solid curve in Fig. 2(a) and (b) corresponds to the theoretical
calculation of intensity using the boundary value (sB ¼ 0.064,
B*
2 ¼ �2.9) for FMS ¼ 0.02 below which there are no analytical

solutions for the scattering curve. For the sample with FMG/
FMS ¼ 1.9 � 10�2, the intensity rise in the low q region appears
to follow a power law with I(q)� q�1.2, the typical characteristic
of a kinetic arrested process. As a consequence, it is impos-
sible to t the entire q range with Baxter's model for the
sample with FMG/FMS ¼ 1.9 � 10�2. While for other curves in
Fig. 2(a), ts of the I(q) curves show good agreement
throughout the entire q-range. The tting parameters s are
shown in the legends of Fig. 2(b) and the corresponding
analyzed B*

2 values are plotted in Fig. 2(c). The open square in
Fig. 2(c) corresponds to the boundary value for FMS ¼ 0.02. For
reference, B*

2 ¼ 1 and B*
2 ¼ 0 correspond to a hard sphere uid

and the denition of the Boyle temperature, respectively. This
result is consistent with the microscopical observation
This journal is © The Royal Society of Chemistry 2015
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discussed above, i.e., the suspensions experienced a stabili-
zation / occulation / re-stabilization / occulation
transition process with increasing FMG.

3.2 Rheological characterization of the gel state

As the clusters interconnect with each other and form a space-
spanning network, the mixed suspensions show solid-like
characteristics. Broadly speaking, gelation occurs, although
some gels are very weak and gentle shaking of the samples is
enough to destroy the gels, while other gels cannot ow by
gravity. In this study, oscillatory frequency sweep and strain
sweep measurements were performed on suspensions with FMS

ranging from 0.02 to 0.15, and the transitions from liquid-like
to solid-like behavior triggered by FMG were carefully identied.
Gelation under the over saturated situation (which need more
microgels) may interfere with the jamming effect, so only the
gelation due to the bridging effect is considered in this study.
The solid character is identied by the observation of a linear
viscoelastic region with constant values of G0 and G0 0, within
which the value of G0 is larger than G0 0. The liquid-gel state
diagram in the FMS � FMG plane is shown in Fig. 3(a). The gray
area in Fig. 3(a) indicates samples with FMS and FMG in that
area have a yielding stress sy $ 0.1 Pa. The red dashed line is a
reference line for saturation adsorption.

Fig. 3(b) shows the typical stress dependence of the storage
modulus (G0) inside the bridging gel regime for mixed suspen-
sions with FMS ¼ 0.1. When 4.3 � 10�4 # FMG # 1.43 � 10�2,
Fig. 3 (a) State diagram of mixed suspensions of PS microspheres and
the PNIPAM microgel determined by rheological measurements; (b)
typical stress amplitude sweep data for mixed suspensions with FMS ¼
0.1 inside the bridging gel regime, whose locations on the state
diagram are marked by the blue crosses in (a).

This journal is © The Royal Society of Chemistry 2015
the values of G0 in the linear viscoelastic region rstly increase,
and then decrease with increasing FMG. While for samples with
FMG < 4.3 � 10�4 and with FMG slightly above 1.43 � 10�2, no
yielding behavior is observed in the experimental scale (data not
shown). These phenomena indicate that the suspensions
experience a liquid / gel / liquid transition with increasing
FMG, which could be explained by La Mer's theory38,39 of
bridging occulation. According to La Mer's description,38,39 for
a polymer-bridged colloidal suspension, the rate of bridging
occulation is proportional to q(1� q) and the size of the cluster
is proportional to q2(1 � q)2, where q is the surface coverage. It
should be noted that the concept of surface coverage is rather
imprecise since it depends greatly on the conguration of the
adsorbed chains which in turn can be affected by the adsorbed
amount.56,57 Even so, it is not surprising that with the increasing
concentration of the bridging polymer, the maximum occu-
lation occurs at an intermediate dosage.

It should be noted that the criterion for the rheological gel
boundary is non-unied or non-critical. To clarify a sample's
solid-like behavior or liquid-like behavior, one refers to the
response of the sample to the given external eld. For example,
the gel sample can be identied by the absence of ow aer
tube inversion. This criterion for the gel is widely used but not
rigorous, or rather, a solid-like or liquid-like response of a
sample during dynamic frequency sweep measurement will
depend on the set strain amplitude. The references (the given
external elds or experimental conditions) are not unied in
various experiments. Furthermore, the liquid to physical gel
transition under rheological observation usually occurs gradu-
ally within a wide transition region. For example, in the recent
paper by Laurati et al.60 who performed a thorough study on gels
formed by depletion attraction, when a gel is dened by the
relaxation time of the arrested structure which is larger than the
whole experimental observation time, there is a wide transition
region with occurrence of attested structure but the relaxation
time of the structure is inside the experimental time window. In
this sense, one cannot dene a critical gelation boundary
through limiting rheological experiments. Here, our reference
to draw the gelation boundary with sy ¼ 0.1 Pa on a state
diagram does not violate the criterion that the moduli G0 and G0 0

are constants as a function of frequency with G0 > G0 0 in the
experimental linear viscoelastic regime. And it does not inu-
ence our interpretation on the general shape of the state
diagram.
3.3 USANS characterization of the gel state

The modulus and yielding stress of a colloidal gel depend both
on the nature and strength of the interparticle interaction and
on the topology and connectivity of the gel. The information on
the structure and effective interaction can be extracted from the
USANS data. To illustrate the model tting, evolutions of USANS
intensity obtained from mixed suspensions with FMS ¼ 0.10
and various FMG are shown in Fig. 4(a) as examples, where the
changes in the rheological properties are evident. Neutron
scattering patterns are shied vertically with each offset by a
log I ¼ 1 for clarity. The symbols are experimental data points
Soft Matter, 2015, 11, 2494–2503 | 2499
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Fig. 4 (a) Experimental (symbols) and fit (solid lines) intensity data
scattered from suspensions with FMS ¼ 0.10 and various FMG. (b)
Comparison of model calculation with experimental scattering
intensities within the range of 3.0� 10�5 < q < 3.0� 10�4 Å�1 for three
gel samples with FMS ¼ 0.10. (c) The corresponding reduced second
virial coefficient B*

2 vs. mixing ratio (FMG/FMS).
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and solid lines are model tting curves aer taking into account
the instrument resolution. The relatively at curve at the low q
limit indicates no macroscopic ocs in our systems, while a
strong upward-sloping curve toward the low q limit corresponds
to the heterogeneous density distribution at large length scales.
Qualitatively judging from the trends of the intensity curves, a
at / upward / at transition of intensities approaching the
low q limit is consistent with rheological measurements, which
shows a liquid /gel / liquid transition with increasing FMG.

In principle, the liquid theories and models are designed for
liquid samples, not for gel samples, so there is no point to try to
t a curve in the gel state. However, the rheological criterion for
2500 | Soft Matter, 2015, 11, 2494–2503
the physical gel state is quite arbitrary, which is non-unied and
non-critical as we mentioned above. In addition, the very weak
physical gel is not in a permanent static state, but in a dynamic
equilibrium state. It has its own conformation structure in real
space or S(q) in reciprocal space. Dynamically, it should have its
own S(q,t) structure, the time (t) dependent part is related to the
static distribution, but does not follow the simple Brownian
dynamic of single particles. Based on the above consideration,
we compare the data in different states to that of a curve from a
liquid theory calculation. Fig. 4(a) shows satisfactory quantita-
tive agreement between the experimental scattering curves and
the tting curves, especially for liquid samples. However, there
are slight deviations between the experimental data and ttings
for samples inside the gel region, in particular at low q values
(q < 3.0 � 10�4 Å�1). Here again, within experimental accuracy,
all scattering curves are in agreement with that of the bare
PS microsphere dispersion in the high q region (q > 3.0 �
10�4 Å�1). Fig. 4(b) shows the comparison of model calculation
with experimental scattering intensities from three samples
which show an order of magnitude difference in their elasticity.
According to the results of rheological measurements (Fig. 3(b)),
the samples pass the liquid–solid transition boundary and form
a stronger gel with increasing FMG from 4.3 � 10�4 to 5.7 �
10�3. The theoretical curve is calculated by using the boundary
value (sB ¼ 0.096, B*

2 ¼ �1.60) on the spinodal line for FMS ¼
0.10. According to Baxter et al.,35 below this boundary value,
samples are trapped inside the unstable region and there are no
physical acceptable solutions of the PY equation. To clearly
demonstrate the difference between the theoretical calculation
curve and experimental intensity curves, the scattering intensity
in Fig. 4(b) is shown in linear scale. As compared with the
theoretical curve, it is found that there is a slight depression in
experimental intensity, and the depression of intensity is rela-
tively more signicant for the sample with stronger elasticity.
The depression in this q region originates from the closer
bonding between particles with stronger interactions. The
scattering from the weakest gel is more close to the theoretical
curve for the equilibrium–nonequilibrium transition.

The comparison of the variation tendency between static
scattering measurement which characterizes the equilibrium–

nonequilibrium transition and rheological measurement which
characterizes the liquid–solid transition indicates that there
may exist a strict rheological criterion for the liquid–solid
transition meanwhile the system undergoes an equilibrium–

nonequilibrium transition as determined by the scattering
technique. That is, the nature of the gel state may come from
the arrested phase separation. Experimentally, the criteria do
not coincide because the characteristic length scale deter-
mining the equilibrium–nonequilibrium transition and the
rheological liquid–solid transition may differ signicantly from
each other. In the research of the dynamical arrest transition in
nanoparticle dispersions induced by the thermoreversible
adhesive interaction, Eberle et al.19 have found that the scat-
tering intensity no longer evolves but remains constant when
samples are trapped inside the gel region. In their research,19

the ts of scattering intensity of samples in the gel state are
indeed of the structure at the uid phase boundary within
This journal is © The Royal Society of Chemistry 2015
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Fig. 5 Experimental (symbols) and fit (solid lines) intensity data scat-
tered from suspensions with various mixing ratios: (a)F /F ¼ 4.3�
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experimental uncertainty, which conrms that the gelation
process is a dynamical arrest transition. Their gels have the
same arrest structure at the length scales accessible by neutron
measurement.

The corresponding B*
2 values extracted from the analysis of

scattering data in Fig. 4(a) are plotted as a function of FMG/FMS

in Fig. 4(c). The open circle denotes the boundary value
(sB ¼ 0.096, B*

2 ¼ �1.60) below which there are no analytical
solutions. It can be seen that the numerical values of effective B*

2

are similar for systems with various FMG at the gelation
boundaries (FMG ¼ 4.3 � 10�4 and 1.4 � 10�2). Moreover, these
values are very close to the theoretical value for the spinodal
line. Actually, for depletion systems, a connection between the
gelation boundary and the spinodal line has been proposed
with spinodal decomposition driven cluster formation and
gelation.7,8,18,60 Evidence for gelation, a consequence of phase
separation induced by depletion attraction, has been revealed
for samples at relatively low concentrations.21 The PNIPAM
microgel, used as a depleting agent to induce phase separation
and gelation of polystyrene latex spheres, has also been repor-
ted by Bayliss et al.62 Our results provide evidence that, at low
particle volume fraction, gelation of PS microspheres through
the bridging mechanism may have the same thermodynamic
origins.
MG MS

10�3; (b) FMG/FMS ¼ 5.7 � 10�2; (c) FMG/FMS ¼ 0.26; (d) FMG ¼ 0.029.
3.4 Mixing ratio and attraction mechanism

In summary, upon increasing the strength of the effective inter-
particle attraction by either bridging or depletion mechanism,
the system evolves from an equilibrium liquid to a nonequi-
librium, structure arrested state. Therefore, it is important to
know how to control the interaction. As revealed by theoretical
models28,29 and direct measurements,30–32 the attractive strength
induced by the bridging polymer is very sensitive to the surface
coverage. Also, we know from the above discussion that the
effective interaction is very sensitive to the mixing ratio of
particles. There is a regime where the PS microspheres are
sterically stabilized by the adsorbed PNIPAM microgels. Fig. 5
shows the scattering curves of mixed suspensions with various
FMG/FMS. At FMG/FMS ¼ 0.26 (Fig. 5(c)), the t B*

2 values for
these samples are all close to 1, which corresponds to a hard
sphere uid. The explanation is that the mixed suspensions
tend to achieve a saturated adsorption state at a specic mixing
ratio, which has been proved in our previous studies.40,41,61 In
very dilute colloidal suspensions, the concentration of micro-
gels for saturated adsorption (F*

MG) is determined by dynamic
light scattering as the correlation function returned back to a
narrow distributing single relaxation with increasing FMG. In
dilute colloidal suspensions, F*

MG is determined by optical
microscopy observation as the minimum concentration of
microgels needed to induce the disappearance of clusters of
microspheres. In concentrated colloidal suspensions, the F*

MG

is determined by rheological measurement as the gel–liquid
transition occurred with increasing FMG. F*

MG is found to
approximately follow a linear relationship with the given FMS.
Here, F*

MG ¼ 0.26 � FMS. It should be noted that the linear
coefficient is strongly dependent on the size ratio of
This journal is © The Royal Society of Chemistry 2015
microsphere to microgel. The approximately linear relationship
between F*

MG and FMS indicates the adsorption of the microgel
obeys Langmuir's isotherm and the equilibrium concentration
of microgels remaining in the solution may be negligible aer
the adsorption process is completed. Here, FMG/FMS is the
factor which can determine whether the surface of a micro-
sphere is fully covered by microgel particles or not, and hence
determine that the gelation follows the bridging mechanism or
the depletion mechanism.

When FMG/FMS < 0.26, bridges between microspheres exist,
and the effective inter-microsphere interaction is mainly
controlled by the bridgingmechanism. Only a very little amount
of microgels can quench systems to a state point with large
attraction strength. Fig. 5(a) shows the scattering intensity from
the system with FMG/FMS ¼ 4.3 � 10�3. In this situation, the
number of small microgels is twice the number of large
microspheres. The agreement between experimental data and
tted lines is quite satised. The B*

2 values indicate that the
systems approach an unstable state. When FMG/FMS ¼ 5.7 �
10�2, there is evident deviation between experimental data and
theoretical calculations using the boundary values (Fig. 5(b)). In
short, aggregations result from a growth process out of
equilibrium.

When FMG/FMS > 0.26, according to the approximation that
the saturated adsorption amount is about 0.26FMS, there will be
free microgels dispersed in the suspension. Extra free microgels
which are unable to adsorb onto the surface of saturated large
particles may generate depletion attraction. The occulation
induced by the non-adsorbing polymer (here, extra free micro-
gel) is generally referred to as depletion occulation. The
Soft Matter, 2015, 11, 2494–2503 | 2501
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strength of effective depletion attraction depends on the free
volume concentration of small particles, which is inuenced by
the volume fraction of large and small particles. Here the
portion of the microgel adsorbed on the surface of large parti-
cles should be considered, and the actual volume fraction of
so deformable microgels in a dense environment is unknown.
Fig. 5(d) shows the scattering curves from mixed suspensions
with the same FMG ¼ 0.029, which is above the saturated
adsorption amount for each FMS. But the excessive value of
microgels as compared to the volume fraction of large particles,
(FMG � 0.26FMS)/FMS, is very different for each FMS. Although
the effective strength changes in a fashion that quantitatively is
not precisely known, evident attraction is observed in systems
with a large number of free microgels (in the case ofFMS¼ 0.02)
and that with less free space for microgels (in the case of FMS ¼
0.10).

4. Conclusions

When a small PNIPAM microgel dispersion is mixed with large
PS microspheres stabilized by surface coated polymers, clear
transitions from bridging occulation / stabilization /

depletion occulation are observed with an increasing
concentration of microgel. The effective inter-microsphere
attractions induced by either bridging or depletion of microgels
are treated equally as short-ranged attraction and the interac-
tions are characterized with USANS, despite the fact that the
physical mechanisms of bridging attraction and depletion
attraction are different at a molecular level. Baxter's sticky hard-
sphere model is used to extract the effective inter-microspheres.
The data are analyzed with Baxter's one component sticky hard-
sphere model. For FMS < 0.04, the system remains liquid in all
the investigated concentration range of microgels. At FMS $

0.04, some mixed suspensions show solid-like characteristics.
In this study, we are particularly interested in the behavior of
samples close to the liquid–solid transition boundaries. USANS
and rheological measurements allow us to deduce the static
properties of the quiescent samples to their linear viscoelastic
response. Three points are summarized as follows:

First, for a given FMS mixed with various FMG, in the cases
where solid-like behavior appears through the bridging mech-
anism, the effective interaction B*

2 is similar. Moreover, these B*
2

values are very close to the theoretical values derived from the
spinodal line. It indicates that the gelation of particles in the
bridging occulation system – which is oen considered as a
purely kinetic phenomenon especially – may be a direct
consequence of equilibrium phase separation as proposed in
the depletion system by Lu et al.21 The independence on
microscopic system-specic details (bridging or depletion)
implies that this conclusion should thus apply broadly to any
particle system with short-range attractions at relatively low
concentrations.

Second, for gel states with a given FMS, there is an order of
magnitude difference in their elasticity depending on FMG. As
their scattering curves are compared with the theoretical
calculation, it is found that the scattering from the weakest gel
is closer to the theoretical curve for the equilibrium–
2502 | Soft Matter, 2015, 11, 2494–2503
nonequilibrium transition. It implies that there may exist a
strict rheological criterion for the liquid–solid transition
meanwhile the system undergoes the equilibrium–nonequilib-
rium transition as determined by the scattering technique. It is
related to the questions: what is the criterion for the liquid–
solid transition based on rheological measurement, and how
weak can a solid (or gel) be? If the scattering curve for the
experimentally onset gel state is not coincided with the theo-
retical curve for the equilibrium–nonequilibrium transition, it
may because the criterion of rheological measurement for the
uid–solid transition is non-unied or non-critical.

Third, the effective interaction strength is very sensitive to
the mixing ratio of small to large particles. Although it changes
in a way that is not quantitatively precisely known, the
approximately linear relationship between the saturated
adsorption concentration of microgels and the given concen-
tration of microspheres provides a rough reference for the
bridging or depletion mechanism depending on whether the
surface of microspheres is fully covered by microgel particles or
not. Once the scenario that the bridging interaction is equal to a
short-range attraction is accepted, with the simple adsorption
relationship, a new state diagram of gelation and even of glass
transition could be constructed, as we showed in our recent
paper.61 Regarding the interference between two origins for the
ergodic to non-ergodic transition in a condensed system, i.e. the
cage effect and bond effect, the short-ranged attractive inter-
action coming from the well-dened bridging bonds will help to
clarify some controversies.
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