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Self-association and gel formation during
sedimentation of like-charged colloids

Xufeng Xu, ‡a Gijsbertus de With *a and Helmut Cölfen *b

Formation of superstructures from colloidal dispersion involves a

continuous increase in particle concentration, resulting in increas-

ingly more complicated interparticle interaction. At high particle

concentration, the presence of the super-crowding effect, strong

non-ideality in addition to significant light absorption and scatter-

ing makes particle analysis very difficult. Here we report quantita-

tive molecular, microscopic and macroscopic experimental results

on like-charged colloids with concentration up to 60 vol%, close to

the densest possible packing of spheres. It is achieved by conduct-

ing sedimentation–diffusion-equilibrium analytical ultracentrifuga-

tion (SE-AUC) on a concentrated dispersion of colloidal silica

nanoparticles in a refractive-index-matching solvent. Surprisingly,

we observed the self-association and even colloidal gel formation

of like-charged colloids at very high concentration. Further experi-

ments indicate that the attraction force may be counter-ion

mediated. These results represent an important step forward in

understanding complicated interparticle interaction in extremely

high concentration, which is vital for the controlled fabrication of

colloidal superstructures.

Colloidal superstructures1 are promising functional materials
with emerging properties.2 Superstructure formation process
involves an in-principle continuously increasing concentration
in colloidal dispersion. The important question is how colloidal
particles interact, especially at very high concentration, in order
to eventually form a stable superstructure. To answer this
complicated question, sedimentation is an often-used
approach3,4 since a high concentration of colloids can be
realized in a controlled manner. In such experiments, colloids

sediment until a sedimentation–diffusion equilibrium state is
reached and from the equilibrium concentration profile impor-
tant thermodynamic information of colloids5 can be retrieved.6

The classic example is provided by Jean Baptiste Perrin who
determined the Boltzmann constant by measuring the sedi-
mentation–diffusion profile of a suspension containing micro-
scopic gamboge particles of a uniform size of ca. 0.5 mm under
natural gravity.7 Systematic studies on the sedimentation of
colloids began with hard spheres,8 where only volume exclu-
sion plays a role. The superstructure formation process in
settling colloids was studied by visual observation and X-
ray.9–11 Confocal laser scanning microscopy was later applied
to study in situ the whole formation process.12 The more
practical and complicated case of charged/soft colloids was
studied theoretically by the inclusion of the Donnan effect,13,14

followed by analytical ultracentrifugation (AUC) experiments15

for diluted suspensions (e.g., 0.48 vol% of silica nanoparticles
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New concepts
Particle-based superstructures are important materials due to their
emergent and collective properties. They are often formed by
continuous up-concentration of like-charged colloidal particle
dispersions. It is yet unclear how like-charged particles, which
electrostatically repel each other in diluted dispersions, interact at high
concentration and finally form a stable superstructure. This calls for an
investigation of very concentrated nanoparticle dispersions. In this paper
we employ sedimentation–diffusion equilibrium analytical ultracentrifu-
gation (SE-AUC) to study fluorescent silica nanoparticles with
concentration up to 60 vol%, close to the densest nanosphere packing.
Rather surprisingly, we observe that like-charged repulsive nanoparticles
attract each other at very high concentration and even form a gel phase.
Furthermore, this interparticle attraction is thoroughly studied at the
molecular scale (particle surface deprotonated hydroxide groups),
colloidal scale (particle concentration gradient) and macroscopic scale
(stability of gel phase). A qualitative theory for the observed phenomena is
also proposed. Therefore, our paper uncovers a so-far experimentally-
hardly-accessible region of nanoparticle interaction in a super-crowded
environment.
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in ethanol) with no interparticle interaction. However, sedi-
mentation of charged colloids at high concentration with much
broader practical consequence still lacks careful studies due to
the experimental difficulties of significant light scattering
hindering the detection of nanoparticle concentration as well
as complicated interparticle interactions16,17 in this crowded
environment.18,19 Here, we use sedimentation–diffusion-
equilibrium analytical ultracentrifugation (SE-AUC)3,4 to study
concentrated dispersion of negatively charged silica nano-
particles, as demonstrated in Fig. 1. Upon reaching sedimenta-
tion–diffusion equilibrium in a refractive-index matching
solvent (to remove van der Waals attraction and light scatter-
ing), the suspension formed a concentration gradient from
0 vol% up to as high as 60 vol% – close to the densest possible
packing of spheres – which was successfully measured by UV-
vis optics in analytical ultracentrifuge. The equilibrium concen-
tration gradient turned out to consist of three regions, which
contain important information about colloidal particle size,
surface charge and interparticle interaction. By analyzing the
equilibrium concentration profile, we found that the interpar-
ticle interaction of these colloidal particles with the same
charge turned out to be attractive at high concentration. This
even led to the formation of a new colloidal gel phase. Further
experiments on this new gel phase not only show internal pH
gradient and gel stability, but also indicate that the attraction
may be mediated by counter ions. These results provide a
deeper understanding on interactions of like-charged colloids
at super high concentration.

Silica nanoparticles (SNPs) were chosen as a model colloid
because they have a relatively low refractive index (n E 1.46)
and can be synthesized by well-established methods.20–22 To be
able to access high concentration, SNPs were first covalently-
labeled with fluorescent molecules, such as fluorescein isothio-
cyanate (FITC) and rhodamine B isothiocyanate (RITC),23,24 and
thereafter dispersed in a refractive-index matching solvent25

(an 80 vol% glycerol and 20 vol% water mixture). The physical
properties of this dispersion are listed in Table 1 (particle size

measurement details shown in SI 1, ESI†, surface charge
number measurement described in Experimental Procedures
and Fig. S14, ESI†).

As shown in Fig. 2, a typical sedimentation–diffusion equili-
brium concentration profile (SD profile) of SNPs at an initial
concentration of 15 vol% contains three regions.15 The three-
region concentration profile c(r) can be fitted by eqn (1)–(3)
(equation derivation details described in SI 2, ESI†). In these
equations, r is the position indicating the radial distance from
the center of rotation; r1, r2 and r3 radial reference points; Lo =
kT/V(rp � rs)o

2 the centrifugal length with kT the thermal
energy, rp the colloidal particle density, rs the solvent density,
and V the volume of one particle; z the particle surface charge
number; cs the half total ion concentration; RT the product of
the molar gas constant R and the temperature T; Mapp = M/(z +
1) the apparent molar mass with the real molecular mass M; B2
the second virial coefficient and E the baseline offset.

cðrÞ ¼ c r1ð Þ exp r2 � r1
2

2Lo
2

� �
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For region I (low-concentration region), eqn (1) applies and
from the fitted Lo value, the nanoparticle size was calculated, as
shown in Table 2. The fitted particle size agrees with the size as
measured by microscopy (in Table 1), the relative deviation
being only about 4%. For region II (intermediate-concentration
region) eqn (2) applies, and the particle surface charge number
z was calculated from the fit, as shown in Table 2. The fitted
value is consistent with the value measured by a reference
electrophoresis experiment, shown in Table 1. Finally, for

Fig. 1 Schematic illustration of sedimentation–diffusion-equilibrium analytical ultracentrifugation (SE-AUC) experiments for the suspension of
negatively charged silica colloids. The counter-ions are reluctant to sediment due to their much lower mass compared to colloids. The thus-formed
equilibrium concentration profile consists of three regions along the radial position, which contains, respectively, information on colloidal particle size,
surface charge and interparticle interaction.
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region III (high concentration region), eqn (3) applies and the
fitted value for B2, shown in Table 2, turned out to be negative
(B3 exclusion discussed in SI 3, ESI†), meaning that the net
interparticle interaction for these particles having the same
charge is attractive at this high concentration. The self-
association of colloids in this crowded environment is also
indicated by the formation of a phase boundary, which
indicates a formation of a new phase, as shown in Fig. 3a.

In a typical membrane equilibrium configuration, a charge
imbalance arises and gives rise to an electric potential, known
as Donnan potential, due to the presence of ions near the semi-
permeable membrane that cannot permeate the membrane. In
our case, a similar charge imbalance appears between the top
and bottom of the sample column in the AUC cell due to huge

mass difference between the silica nanoparticles and the
counter-ions.26 While extremely light positively charged
counter-ions hardly sediment, the much heavier negatively
charged silica nanoparticles form a concentration gradient, as
shown in Fig. 2. In this case, due to the separation of the
deprotonated silica nanoparticles and counter-ions, a large pH
gradient from pH 7 to pH 13 was even established,27 as shown
Fig. 3b (detailed measurement and calculation described in SI 4
and SI 5, respectively, ESI†). Furthermore, the presence of
approximately 4.4 hydroxide groups per nm2 on the silica
nanoparticle surface was estimated using the pH value at
region III, which agrees with the literature value28 (detailed
calculation described in SI 6, ESI†). The presence of attractive
interaction also induced the formation of a stable self-standing
gel, as shown in Fig. 3c (chemical potential calculation
described in SI 7 (ESI†) to illustrate the driving force for the
gel formation). The gel de-swelled upon increase of the cen-
trifugal field,29 as shown in Fig. 4a. In addition, the reversibility
of the gel was examined for different angular velocities in the
AUC, as shown in Fig. 4b and c. When the angular velocity after
centrifugation at 40 000 rpm was decreased to 1100 rpm, gel
formation appeared to be irreversible, associated with a hardly
changed B2 value as compared to the value at 40 000 rpm. When
the angular velocity after centrifugation at 5000 rpm was
decreased to 1100 rpm, the fitted B2 value decreased by a factor
of 100 to the value as initially obtained at 1100 rpm. This
indicates that structural changes in the gel are still reversible
when the angular velocity remains below 5000 rpm. Thus, a
qualitative picture of the total interparticle potential is given, as
shown in Fig. 4d. From the fact that a gel made at a low angular
velocity is reversible (Fig. 4c) and at a high velocity is irrever-
sible (Fig. 4b), we conclude that, when particles approach each
other, a relatively low secondary barrier must be present in the
potential energy landscape, followed by a secondary minimum
(the reversible gel state). After passing the primary barrier, the
primary minimum (the irreversible gel state) is reached. The
secondary barrier is felt when the interparticle distance
decreases below ca. 30 nm (corresponding to ca. 30 vol%, the
starting concentration of region III) and approximately equal to
the screening length. A counter-ion bridge attraction is likely
responsible for this secondary minimum. An estimate of the
values involved can be made. To that purpose we distinguish
between the forward barrier (approaching particles from ‘‘infi-
nity’’) and the return barrier (separating particles from the
secondary minimum). As the dispersion does not form a gel
spontaneously, the forward barrier must be at least a few kT, say
2kT to 4kT. An estimate based on the angular velocity yields a
similar value. The reversible gel, formed at a low angular
velocity, repeptizes again within about 8 hours, suggesting a
return barrier of about 4kT to 6kT. The irreversible gel, formed
at a high angular velocity, is stable for at least 8 days, suggest-
ing a (primary return) barrier height of at least about 25kT.
Conditions for repeptization have been discussed by Frens and
Overbeek30 and Poovarodom and Berg.31 Ion bridging has been
discussed by Liu et al.32 Discussion on the background of
counterion attraction is given in SI 9 (ESI†).

Table 2 Fitting results from the analysis of the sedimentation–diffusion
equilibrium concentration profile of Fig. 2

Volume fraction (vol%) d (nm) z B2 (mol (kg vol%)�1)

15 81 54 �7.8 � 10�8

Fig. 2 A typical experimental sedimentation–diffusion equilibrium
concentration profile (dotted line), corresponding fitting profiles (solid
line) and the residual difference (top figure) for a SNP dispersion at an
initial concentration of 15 vol% at 1100 rpm. Three regions, marked as I, II
and III, are divided by dashed lines. Radial position refers to the radial
distance from the center of rotation. Equilibrium is reached, as indicated by
an unchanged concentration gradient for at least 10 h.

Table 1 The physical properties of fluorescence labeled silica nano-
particles dispersed in 80 vol% glycerol and 20 vol% water mixtures. The
parameters d and s are the diameter and size polydispersity from scanning
electron microscopy (SEM), r is the density taken from ref. 29 and z is the
surface charge number, estimated from the electrophoretic mobility

d (nm) s r (g cm�3) z

84 0.09 1.6 � 0.2 49
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Several, commonly provided, reasons leading to interparticle
attractive force and gel formation were considered and ruled
out, as discussed in the following: (1) residual van der Waals
attraction: in spite of the careful refractive index matching,
residual van der Waals attraction might be still present due to a
slight refractive index mismatch and density fluctuations in the
particles. However, as discussed in detail in SI 8 (ESI†), such a
residual attraction is still too small to explain the observed
attraction; (2) particles might stick together because glycerol
preferentially adsorbs on the silica particles and glycerol forms
hydrogen bonds with silica surface silanols.33 Most of the
experiments reported deal, however, largely with non-aqueous
solvents.34 The presence of excess of water in our system (molar
ratio (glycerol : water) = 1 : 1.05) and the strong attraction
between water and glycerol35 makes significant absorption of
glycerol on silica unlikely due to the competitive hydrogen
bonding formation among glycerol, water and the silica sur-
face; (3) the high pH might result in a rise in ionic strength due
to the dissolution of silica in the form of H3SiO4

� ions, which
may suppress double-layer repulsion and induce gel formation.
Most importantly, if dissolution of silica occurs, the

sedimentation–diffusion equilibrium will never be reached
since the size of silica nanoparticles will continuously shrink,
which is, however, not observed at all; Secondly, when aggrega-
tion due to a suppressed double layer repulsion would occur,
one expects aggregation to be irreversible, which is not the case
at 5000 rpm, as discussed above. Accordingly, we deem this
mechanism unlikely.

Therefore, we consider that the interparticle attractive force
is likely to be strongly related to the presence of the counter
ions between charged colloids36,37 (background discussion on
counter-ion mediated attraction is given in SI 9, ESI†). Most
importantly, at the end of region III in Fig. 2b, the pH value
decreases from pH 13 to pH 12, which means that the amount
of available deprotonated hydroxide groups on the surface
decreases at this extremely high concentration at the very
bottom of the sediment. This agrees well with the counter-ion
mediation theory since, as nanoparticles get very close, a small
amount of surface counter ions (protons) between the depro-
tonated surface hydroxide groups on both particles leads to
their protonation and this decreases the amount of deproto-
nated hydroxide groups. The counter-ion mediation theory also

Fig. 3 (a) A typical absorbance profile showing the presence of a phase boundary at ca. 6.94 cm using an arbitrary wavelength of 700 nm after the
sedimentation–diffusion equilibrium was reached for SNPs of an initial concentration of 15 vol% at 1100 rpm. Such a phase boundary is also observed
using other wavelengths; (b) pH gradient along the radial position, characterized by a pH indicator at the sedimentation–diffusion equilibrium for SNPs of
an initial concentration of 15 vol% at 5000 rpm. A phase boundary is located at about 7.06 cm and therefore an artificial bump appears; (c) pictures of the
gel phase (yellowish color due to fluorescence) obtained after sedimentation–diffusion equilibrium is reached and the silica nanoparticles packing inside
the freeze-dried gel.
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agrees with enhanced attraction as observed with the addition of
external counter-ions: Firstly, the gel dissolved after immersion in
Milli-Q water overnight while after the addition of mono-valent (i.e.,
0.1 M NaCl) or multi-valent (i.e., 0.1 M CaCl2) ions in water, the gel
stayed intact, as shown in Fig. S11 (ESI†). Secondly, after the
addition of external NaCl, typical gel shrinkage with solvent expul-
sion was observed as a result of additional counter-ion bonding, as
shown in Fig. 4e. Thus, the counter-ions among the charged colloids
may significantly attribute to the attractive force. The counter ions
can move in between the deprotonated silica nanoparticles and
result in interparticle attraction. A similar mechanism was pre-
sented by Bian et al. using coarse-grained molecular dynamics (CG-
MD) simulations.38

Conclusions

In summary, we have experimentally demonstrated that very
concentrated liked-charged colloidal dispersion can be studied

by SE-AUC up to an extremely high concentration of 60 vol%,
close to the densest possible packing of spheres. The obtained
three-region concentration profile can be analyzed by consider-
ing the effects of particle size & charge, counter ions and the
interparticle interaction. It applies to different particle sizes as
the same type of concentration profile was also found for a
particle size of 140 nm, as shown in Fig. S12 (ESI†). The
colloidal particle size as obtained from region I matches well
with the independent SEM estimate, while for region II the
fitted colloidal surface charge agrees well with the value
obtained from the independent electrophoresis experiment.
Most surprisingly, the net interparticle interaction for the
highly crowded region (region III) turned out to be attractive,
even resulting in stable gel which may, we argue, be counter-ion
mediated. These results represent an important step forward in
understanding complicated interparticle interaction in super
high concentration. More generally speaking, they promote the
understanding of the formation of superstructure from

Fig. 4 (a) Experimental sedimentation–diffusion equilibrium concentration profile for SNPs of an initial concentration of 15 vol% at different angular
velocities ranging from 1100 rpm to 40000 rpm; (b) experimental sedimentation–diffusion equilibrium concentration profile for SNPs of an initial
concentration of 15 vol% at 40000 rpm (black) and at 1100 rpm (red) after having been subjected to 40000 rpm; (c) experimental sedimentation–
diffusion equilibrium profile for SNPs of an initial concentration of 15 vol% at 5000 rpm (black) and at 1100 rpm (red) after having been subjected to
5000 rpm; (d) schematic picture of the potential energy as a function of interparticle distance; (e) experimental sedimentation–diffusion equilibrium
concentration profiles after the addition of 0.2 M and 0.5 M NaCl for 15 vol% SNPs at 5000 rpm.
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concentrated colloidal dispersions,39 a promising approach for
the fabrication of functional particle-based materials important
for different fields of science and technology.
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