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Nanoparticle separation based on size-dependent
aggregation of nanoparticles due to the critical
Casimir effect†

Hongyu Guo,ab Gheorghe Stanc and Yun Liu *abd

Nanoparticles typically have an inherent wide size distribution that may affect the performance and

reliability of many nanomaterials. Because the synthesis and purification of nanoparticles with desirable

sizes are crucial to the applications of nanoparticles in various fields including medicine, biology, health

care, and energy, there is a great need to search for more efficient and generic methods for size-

selective nanoparticle purification/separation. Here we propose and conclusively demonstrate the

effectiveness of a size-selective particle purification/separation method based on the critical Casimir

force. The critical Casimir force is a generic interaction between colloidal particles near the solvent

critical point and has been extensively studied in the past several decades due to its importance

in reversibly controlling the aggregation and stability of colloidal particles. Combining multiple

experimental techniques, we found that the critical Casimir force-induced aggregation depends on

relative particle sizes in a system with larger ones aggregating first and the smaller ones remaining in

solution. Based on this observation, a new size-dependent nanoparticle purification/separation method

is proposed and demonstrated to be very efficient in purifying commercial silica nanoparticles in the

lutidine/water binary solvent. Due to the ubiquity of the critical Casimir force for many colloidal particles

in binary solvents, this method might be applicable to many types of colloidal particles.

1. Introduction

Since first discussed theoretically by Fisher and de Gennes in
1978,1 the generic effective interaction between colloidal particles
near the critical point of a solvent2–4 has been widely investi-
gated in binary solvents at both critical and off-critical solvent
concentrations.3,5 This effective colloidal interaction was
found to be responsible for the stability of reversible particle
aggregations4,6–9 and can be tuned by controlling the relative
compositions of a binary solvent and the temperature difference
away from the demixing temperature of the solvent,4,8–10 making
it a promising method for colloidal assembly.10 Even though
different views of this effective interaction exist in the
literature,11–14 it has been widely termed as the critical Casimir
force (CCF) since the 1990s.11 The CCF-induced reversible

aggregations have been studied in the past several decades,
but the competition of particles with different sizes commonly
present in almost all real systems with a varying degree of size
polydispersity has not been investigated.

Here, we show conclusive experimental evidence that by
controlling the CCF in the vicinity of the critical point of a
binary solvent, we can regulate systematically the aggregation
of colloidal particles based on particle sizes. For colloidal
particles with different sizes suspended in near-critical binary
liquid mixtures, we found that the formation of aggregates
depends on the particle size at a given temperature. Larger
particles tend to aggregate first and precipitate out of the
suspension. At the same time, smaller particles tend to stay
inside supernatants. The observation of this size-selective
aggregation mechanism has never been reported before, and
it offers new physics insights into the interesting reversible
aggregations induced by the CCF. We further designed a novel
particle purification/separation method based on the observed
size-sensitive aggregation effect and demonstrated the efficiency of
this method on widely studied colloidal silica nanoparticles (NPs).

It is important to point out that the properties and applications
of nanoparticles strongly depend on their sizes and size
distributions,15–18 which in turn make the synthesis and prepara-
tion of NPs with desirable sizes and good monodispersity critical
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for fundamental studies and applications in nanoscience.19–21

Because impurities and large size distributions of NP products are
still inevitable for many synthesis methods, the post-synthesis
purification and size separation of NPs are of extreme importance.
Recently, methods relying on size-dependent aggregation and self-
assembly have been developed by introducing a tunable inter-
action between NPs, such as coating the NPs’ surfaces,22 adding
salts and surfactants,23–25 adding small depletion particles,20 etc.
Our method using the CCF adds a new method to the NP
purification methods based on a generic interaction related to
the critical phenomenon. Due to the universality of the involved
critical phenomenon, this method may be applicable for a wide
range of NPs and can be instrumental in tailoring their nanoscale
properties and applications.

2. Materials and methods

P1 NPs (Ludox SM-30), P2 NPs (Ludox TM-50), and 2,6-dimethyl-
pyridine (lutidine) (499%) were purchased from Sigma-Aldrich
and were used without any further treatment. D2O (499.9%) was
purchased from Cambridge Isotope. Milli-Q water (18.2 MO cm)
was used as H2O in the preparation of all samples. Dynamic light
scattering was performed with a DynaPro NanoStar M3300
instrument (Wyatt Technology Corp., Santa Barbara, CA). Atomic
force microscopy was performed with a Bruker MultiMode 8 AFM
(Bruker, Santa Barbara, CA) operated in intermittent scanning
mode. Small-angle neutron scattering (SANS) was conducted on
NG7-SANS, NGB 30m SANS, and nSoft 10m SANS instruments
in the NIST Center for Neutron Research (see the ESI† for more
details).

To study the particle size effects during the aggregation
induced by the CCF and demonstrate the effectiveness of our
new particle purification method, especially the purification of
NPs in aqueous solutions, we have chosen a model system
consisting of commercial silica NPs and a well-studied binary
solvent, namely a 2,6-lutidine/water mixture. Water in this
binary solvent allows various NPs with hydrophilic surfaces to
be dispersed in this solvent. The 2,6-lutidine/H2O mixture has
the lower critical solution temperature Tc = 33.4 1C and the
critical lutidine mole concentration at wc = 0.0643.26,27 (This
molar concentration corresponds to 29% mass fraction of the
lutidine and H2O mixture. For some samples, we also prepared
the solvent by mixing a different ratio of H2O and D2O, which
may slightly shift the critical point. However, as detailed in the
ESI,† this does not affect our experimental conclusions.)

Two samples with two commercial silica NPs, P1 and P2,
were prepared. The size distributions of P1 and P2 NPs were
measured by atomic force microscopy (AFM). The results
indicate that the radii of the P1 and P2 NPs have the main
modes at 5.0 nm and 13.1 nm, respectively, with the P1 NPs
having a rather large particle size distribution (see the ESI† for
details). Sample 1 was prepared with 0.4% volume fraction of
P1 NPs only, and Sample 2 was prepared with 0.4% volume
fraction of P1 NPs and 0.1% volume fraction of P2 NPs. The
introduction of large P2 particles into the P1 particle solution

for Sample 2 was to artificially increase size polydispersity by
adding large particles.

3. Results and discussion

The general phase diagram of model binary solvent systems
with dilute particle solutions has been extensively studied7,28

and is shown schematically in Fig. 1. Note that the location of
the aggregation phase depends on the surface properties of
NPs and the properties of the binary solvent. Our silica NPs
dispersed in this lutidine/water binary solvent favor the adsorp-
tion of water instead of lutidine on their surfaces (see the ESI†
for details). Thus, reversible aggregates induced by the CCF
are formed at the lutidine concentration, w, larger than wc

for relatively dilute particle conditions. Three different phases
are emphasized: (1) the clear solution (1-phase) at either w o wc

and temperatures below the binodal phase separation curve
(Ts(w), the solid line in Fig. 1) of the solvent or w 4 wc and
T o Ta(w) (the dashed line in Fig. 1), where Ta(w) is the lowest
temperature at which we observed precipitated aggregates at
the bottom of the vial; (2) the turbid supernatant solution with
some precipitated aggregates (1-phase with aggregations) in a
narrow temperature range Ta(w) o T o Ts(w) where w 4 wc;
and (3) the two-phase region of the solvent (2-phase) at

Fig. 1 Schematic picture of the general phase diagram of colloidal NPs
suspended in lutidine/water mixtures. The solid curve Ts(w) is the binodal
phase separation line of pure 2,6-lutidine/water mixtures. Tc is the critical
temperature and wc is the critical concentration of lutidine. The dashed
curve, Ta(w), is the incipient temperature of samples with NP precipitates in
solutions at w 4 wc. The inserted pictures are typical examples of the
samples at different phases: the clear solution (1-phase) at low tempera-
tures, the turbid supernatant solution with some precipitates at Ta(w) o
T o Ts(w) and w 4 wc (1-phase with aggregations), and the phase
separated solvent (2-phase, where lutidine is at the top and water with
NPs is at the bottom) above the binodal curve of the solvent. The short red
arrows indicate separations between different phases.
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T 4 Ts(w), where water and lutidine form two separated phases.
Photos of one sample at these three phases are also shown
in Fig. 1.

3.1 Size-sensitive nanoparticle aggregations

To observe the effect of particle size on aggregations, samples
were studied in both the 1-phase region and the 1-phase with
aggregations region as shown in Fig. 1. Both Sample 1 and
Sample 2 were prepared with the mole concentration of lutidine
w = 0.0899, which corresponds to 37% mass fraction for the
lutidine/H2O mixture. At room temperature, both samples are
in the 1-phase region. And at a temperature around 28.9 1C,
they enter the 1-phase with aggregations region. (Experiments
on other lutidine concentrations also showed similar results.)

Small-angle neutron scattering (SANS) was used to study
in situ the evolution of the size distributions of NPs suspended
in solutions. Because large aggregates are heavier and thus can
precipitate out of a neutron beam without centrifuging the
samples, SANS was used to measure the particle concentrations
and size distributions inside the supernatant. In comparison
with the initial particle concentration and size distribution,
information regarding particles in the precipitated aggregates
can be obtained. In addition, taking advantage of the contrast
variation technique29 by mixing D2O and H2O (the mole ratio
between D2O and H2O, MD2O/MH2O, is 0.328) to match the
scattering length density (SLD) of lutidine, the contribution
from the solvent density fluctuation to SANS signals becomes
negligible. Hence, the coherent scattering signals of SANS patterns
are only from NPs in solutions (see the ESI† for details).

SANS data are very sensitive to the particle size distribution.
This is illustrated in Fig. 2 by the scattering patterns of three
samples: (1) 0.4% volume fraction of P1 particles (red circles),
(2) 0.1% volume fraction of P2 particles (blue squares), and
(3) the sample with both 0.4% volume fraction of P1 and 0.1%
volume fraction of P2 (black triangles). Because P2 particles are
larger, the SANS pattern from the P2 sample decays faster as the
scattering wave vector, Q, increases, while the signal from
the P1 sample decays much slower because the particles are
smaller. This characteristic response as a function of Q is a
powerful indicator for the size distribution of NPs studied by
SANS. The signal from the P1–P2 mixture is simply the sum of
the coherent signals from the P1 and P2 samples. (Note that
there is a constant incoherent scattering background from the
solvent. In the ESI,† these SANS curves are also plotted by
shifting different curves vertically to show some details of each
SANS curve.)

Fig. 3A shows SANS scattering patterns of Sample 1 at a few
temperatures from the 1-phase region to the 1-phase with
aggregations region. The variation of the SANS patterns as a
function of the temperature indicates a large change in particle
concentration and size distribution in the supernatant. To
quantitatively analyze the SANS data, the size distribution of
Sample 1 was modelled as two populations of spherical NPs,
whose size distributions are approximated by the Schultz
distributions.30 The first population, P1-p, represents small
particles with a particle size of around 5 nm in radius as shown

later by our AFM results. The second population, P1-i, represents
the impurity particles which have larger sizes with a broad
distribution; such a distribution was confirmed by the AFM
measurement. For each population of NPs, the Schultz distri-
bution has two characteristic parameters, the mean radius R
and width sR.30 Hence, the fitting parameters of each popula-
tion are the volume fraction j, the mean radius R, and the
polydispersity index f � sR/R (see the ESI† for details). The
fitting curves are shown as the solid lines in Fig. 3A.

The extracted values of j and R for P1-p and P1-i at different
T values are shown in Fig. 3B and C, respectively. Note that
when NPs form aggregates, some precipitate out of the solution
while some smaller aggregates remain in the supernatant. The
effects of the aggregates in the supernatant are included in P1-i
because the aggregate size is much bigger than P1-p. At T o Ta,
the size and volume fraction for both P1-p and P1-i show no
changes as no particles aggregate and precipitate out of the
solution. At T 4 Ta, there is a dramatic decrease of j for P1-i,
which indicates the removal of large particles due to precipitation.
(Note that R increases substantially for P1-i due to aggregation at
T 4 Ta.) At T = 29.6 1C, there are only less than 2.5% of original
impurities (P1-i) left in the solution, while more than 44% of
original P1-p particles is still in solution based on the change
in particle volume fractions. It is noted that at the highest
temperature, even though the monodispersity of NPs becomes
much better, we could not observe the high-Q oscillations of the
form factor due to the high incoherent background.

These striking results indicate that there are significantly
fewer large particles in the supernatant at high temperature in
the 1-phase with aggregations region. Thus, the large particles
preferentially participate in the aggregates and precipitate out
of the solution. In other words, the CCF-induced aggregations

Fig. 2 Small-angle neutron scattering data of three different NP samples
measured at room temperature. 0.4% volume fraction of P1 NPs (red
circles), 0.1% volume fraction of P2 NPs (blue squares), and the mixture
of P1 (0.4% volume fraction) and P2 (0.1% volume fraction) NPs
(black triangles) are dispersed in the matched lutidine/water solvents with
w = 0.0899 (corresponding to 37% mass fraction for the lutidine/H2O
mixture). The error bars represent one standard deviation (SD) and are
smaller than the symbols. Each curve contains 220 data points.
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depend on the relative particle size. Note that the precipitates
are reversible aggregates that can be dissolved by decreasing
the temperature. As many colloidal particles have size poly-
dispersity, the aggregation behavior might be affected by their
size distributions.

This result also immediately implies that the CCF-induced
aggregation can be applied to purify NPs based on their sizes.
If we define the purity of the particles in the supernatant as the
ratio between the volume fraction of P1-p and the total volume
fraction of all particles in the supernatant, the purity improves
to 99% from 85% by separating the CCF-induced precipitates at
T 4 29.6 1C. It is noted that at T 4 30.5 1C, the particle radius

of P1-p becomes smaller compared with the results obtained at
lower temperatures. This is because the P1-p particles also have
the size distribution and the larger particles in the original P1-p
are now slowly separated from the rest of the P1-p population.

To further illustrate the particle size dependence of the
CCF-induced aggregation, larger P2 particles were added into
Sample 2. The in situ SANS studies of Sample 2 demonstrate
similar results as shown in Fig. S4 in the ESI.† The large P2
particles preferentially participate in the aggregates and can be
easily separated from the P1 particles. At T = 29.6 1C, there are
more than 53% of the original P1-p NPs still in solution and
the purity is above 95%. At T = 30.3 1C, there are still 21% of
P1-p NPs in the solution and the purity is above 98.5%. The
differences in yield rates and purities when compared with
those of Sample 1 are attributed to the higher concentration of
large-sized impurities of Sample 2 due to the addition of large
P2 particles (see the ESI†).

It is noted that during the in situ experiment, the samples
were allowed to wait about one hour before the data were
collected. Even though the precipitation may take some time
after each temperature change, the waiting time seems to be
long enough to allow the precipitation process to be completed.
Future experiments will be performed to understand the kinetic
process of the precipitation.

3.2 Size-selective purification method based on the CCF

Based on the observation of the particle size-dependent aggre-
gation induced by the CCF, we can devise a general nano-
particle purification method for the samples with a similar
phase diagram as shown in Fig. 1 by the following procedure:
(1) choose a lutidine composition for which the NP aggregation
phase (1-phase with aggregations) can be reached by changing
the temperature and prepare NP samples in the binary solvent
at the 1-phase region. (2) Warm up the sample to a temperature
Tp (the processing temperature) in the 1-phase with aggrega-
tions region to introduce precipitates. (3) The supernatant and
precipitates are then separated and the supernatant contains
the purified NPs. The size and polydispersity of the particles
left in the supernatant sensitively depend on Tp, which are
discussed in the rest of the paper. In our experiments, natural
gravity is sufficient enough to cause large aggregates precipitating
out of the solutions. Using a centrifuge can increase the precipita-
tion rate and potentially increase the efficiency of our method that
will be studied in future.

The temperature gap between Ta(w) and Ts(w) for a given
lutidine mole concentration, w, determines the working tem-
perature region for this NP purification method and is sensitive
to the lutidine concentration. The transition boundary for Ta(w)
can be determined by visually observing the precipitates at
the bottom of a vial by increasing the temperature. By further
increasing the temperature to reach Ts(w), the separation of two
liquids (lutidine and water) can be observed by eye.

In our case, we have chosen w = 0.0899 due to the wide
temperature region we can work with (Ta(w) = 28.9 1C and Ts(w) =
32.7 1C). (This mole ratio corresponds to 37% mass fraction of
the lutidine/H2O mixture.) The ratio of D2O to H2O is chosen to

Fig. 3 In situ SANS studies of Sample 1: (A) SANS curves at different
temperatures. Solid lines are fits to experimental data. (B) Fitting results
of the particle sizes as a function of temperature. The vertical dotted
line indicates Ta, which is the transition temperature of the observed
precipitates in a solution. (C) Fitting results of the particle volume fractions
as a function of temperature. The error bars represent one SD. Error bars
may not be visible if they are smaller than symbols.
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be MD2O/MH2O = 0.328 so the experimental condition is consis-
tent with the in situ SANS experiments. Ta(w) is found to be very
similar for Sample 1 and Sample 2. We applied this method to
purify our silica nanoparticles in Sample 1 and Sample 2, and
characterized the efficiency of purification at different proces-
sing temperatures Tp using dynamic light scattering (DLS),
SANS, and AFM. It is worth pointing out that we have observed
similar results at other lutidine concentrations too.

3.2.1 Characterization of purified nanoparticles using DLS
and SANS. Purifications of Sample 1 and Sample 2 were con-
ducted based on the aforementioned three steps at a few
different Tp values. DLS and SANS were used to determine the
average hydrodynamic radius, rh, and the radius of gyration, rg,
of the purified NPs (see the ESI† for details). Both DLS and
SANS measurements were performed at room temperature
where the solutions were transparent. The scattering signals
were dominated by silica NPs and had a negligible contribution
from the solvent fluctuation. As shown in Fig. 4A and B, when
Tp is below Ta, no significant particle size variations are
observed by both DLS and SANS because silica NPs are stable
(do not precipitate) in solutions at Tp o Ta during the purifica-
tion process. However, for Tp 4 Ta, the average radii of purified
silica NPs as indicated by rh and rg decrease with the increase of
Tp for both Sample 1 and Sample 2.

Fig. 4A and B also indicate that the average particle size
decreases almost monotonically as a function of Tp when Tp 4 Ta.
Thus, the average particle size of the purified sample can be finely
and reversibly controlled by simply changing Tp. For Sample 2,
despite the presence of a significantly larger amount of impurities
(large particles from the introduction of P2 NPs) when compared
with the impurity level in Sample 1, the average size of NPs after
the purification reaches similar values of the purified Sample 1 at
Tp = 29.7 1C. Therefore, our purification method is very efficient in
removing large particles from each sample. The aggregation and
precipitation processes are also schematically shown in Fig. 4C:
the large particles (red balls) prefer to participate in the aggrega-
tion and by doing that they are separated from small particles
(blue balls) by the precipitation.

3.2.2 Characterization of purified nanoparticles using AFM.
To capture a more accurate characterization of the particle size
distributions before and after purification, we resorted to AFM
measurements of NPs dispersed at room temperature on freshly-
cleaved mica surfaces (see the ESI† for details). Fig. 5 shows the
representative histograms of the volume distribution of NPs as a
function of particle size before the purification at Tp = 20 1C and
after the purification at Tp = 31 1C. The total volume of all
particles was normalized to one in Fig. 5A and B. (Note that
the volume fraction of NPs is a very important parameter for
the macroscopic properties of many NP-based materials.31

Therefore, the histograms of the volume distribution are shown
here instead of number distribution.) Measurements of both
samples were collected at five different locations on the mica
substrates deposited with silica NPs. The details of the AFM
experiment are given in the ESI.†

As can be observed in Fig. 5A, the main mode of the particle
size distribution of Sample 1 before purification at Tp = 20 1C

(red histogram) was around 5 nm with a long tail up to about
17 nm. This tail indicates the presence of large particles, the
so-called ‘‘impurities’’, outside the expected normal (Gaussian)
distribution at the main peak. The volume fraction contribu-
tion from these impurity particles was very significant in
Sample 1. After purification at Tp = 31 1C (the black histogram
in Fig. 5A) for Sample 1, the shape of the distribution resembles
that of the normal distribution with a significant reduction in
the peak position and its width. The main mode after the
purification at Tp = 31 1C has an average value around 3.7 nm,
and no particles larger than 6 nm were observed. A visual
confirmation of the purification effect on Sample 1 can also
be assessed from the AFM topographical images shown in
Fig. 5C and D. In comparison with Sample 1, Sample 2 contains
some P2 NPs besides P1 NPs. The addition of P2 NPs artifi-
cially introduces more impurities (large particles) into Sample 2.
This can be seen in the range of large particle sizes of the

Fig. 4 The average hydrodynamic radius, rh, and the radius of gyration,
rg, of the NPs after purification. The results are obtained by DLS and SANS.
(A) Results of Sample 1. (B) Results of Sample 2. (C) Schematic picture of the
size-sensitive aggregation and precipitation process when the temperature is
increased above Ta. Ta is marked by vertical dotted lines in (A) to (B). Error bars
represent one SD. Error bars may not be visible if they are smaller than symbols.
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histogram of Sample 2 before purification as shown in the red
curve in Fig. 5B, which had significantly more particles larger
than 10 nm. Similar to the Sample 1 case, the purification was
very effective in removing most of the large particles after
purifying Sample 2 at Tp = 31 1C (the black curve in Fig. 5B).

4. Conclusions

Combining the results from SANS, DLS, and AFM, we conclusively
demonstrated here that the aggregation behavior induced by the
CCF in our systems depends on the relative particle size of the
samples for polydisperse systems. Since size polydispersity com-
monly exists in most colloidal systems, this observation provides
important new physics insights into the widely studied colloidal
stability problem in a binary solvent close to the solvent demixing
temperatures.

The proposed particle size-selective process is demonstrated
to be very efficient in separating small particles from larger

ones. The large particles separated by this method can be either
large impurities or potentially useful particles but needed to be
removed from the solutions. By gradually changing Tp, larger
particles in the solution aggregate, precipitate, and then can be
separated from the supernatant step by step. As a result, a
narrower distribution with a smaller average particle size can
be obtained, similar to those shown in Fig. 3–5. With a detailed
knowledge of the temperature dependence of the selective
process, one can control the average particle size with high
accuracy by varying Tp. Even though we used small-sized
particles (a few nanometers) dispersed in a water/lutidine
solvent to demonstrate the efficiency of our method, it has
been shown that larger particles up to micrometers and other
types of binary solvents with different types of NPs also have a
phase behavior similar to the one shown in Fig. 1.7,12 Thus, we
believe that our method may also work for larger NPs and
different binary solvents.

This purification method is very versatile. Even though the
1-phase with aggregations region is at the lutidine-rich side

Fig. 5 Histograms of the volume distribution of the NPs as a function of the particle size collected from five independent AFM scans of the NPs on mica
and AFM topographical images. (A) Histograms of Sample 1 at two temperatures show the particle size distributions before purification (Tp = 20 1C) and
after the purification (Tp = 31 1C), respectively. (B) Histograms of Sample 2 show the particle size distribution before and after the purification. In (A) and (B)
the bin size is 0.3 nm and the total numbers of the measured particles are larger than 2000 for each histogram. (C) One 5 mm � 5 mm AFM topographical
image of Sample 1 (NPs on mica) before the purification, and there are many large particles present. (D) One AFM topographical image of Sample 1 after
the purification at Tp = 31 1C, and there are no large particles.
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(w 4 wc) for the current systems as our silica NPs favor water
adsorption at particle surfaces, the same purification strategy
may also work for NPs favoring lutidine on their surfaces. For
such a case, the 1-phase with aggregations forms at the water-
rich side (w o wc) as shown in the literature.7 Hence, to reach
1-phase with aggregations, the lutidine concentration should
be smaller than wc. We expect that the aggregation behavior
will still depend on the size as the interaction force controlling
the particle aggregation is still the CCF. Moreover, there are
also other types of particles with different binary solvents
showing aggregation behavior similar to our systems. It is thus
also reasonable to hypothesize that the observed size-sensitive
aggregation behavior and the NP purification strategy might
still work for those systems even though more future experiments
are needed to prove this.

The efficiency of this method relies on the CCF induced
attraction between NPs. When changing the temperature, a
solvent layer with more preferred solvent molecules forms on
NP surfaces to induce the CCF between particles in a binary
solvent. (In general, the surfaces of most colloidal particles in a
binary solvent prefer one component over the other one. In fact,
it is very difficult to make colloidal particles have an equal
affinity for both components in a binary solvent.32,33) The
attraction strength of the CCF can thus be very sensitively
controlled by varying the solvent composition and the thickness
of this solvent layer. (The thickness of the adsorption layer is
related to the correlation length of the solvent fluctuation that
can be sensitively controlled by the temperature.5) Further
research efforts are still needed to determine the detailed
criteria controlling the efficiency of the proposed purification
method as the exact attraction strength induced by the CCF
might also be affected by many other factors such as the charge
density of NPs and the surface chemistry.7,34,35
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C. Contini, M. S. Magoń, S. A. Renshaw and G. Battaglia,
Sci. Rep., 2016, 6, 27494.

19 B. Kowalczyk, I. Lagzi and B. A. Grzybowski, Curr. Opin.
Colloid Interface Sci., 2011, 16, 135–148.

20 K. Park, H. Koerner and R. a. Vaia, Nano Lett., 2010, 10,
1433–1439.

21 O. Akbulut, C. R. MacE, R. V. Martinez, A. a. Kumar, Z. Nie,
M. R. Patton and G. M. Whitesides, Nano Lett., 2012, 12,
4060–4064.

22 J. Lee, S. I. Stoeva and C. A. Mirkin, J. Am. Chem. Soc., 2006,
128, 8899–8903.

23 M. J. Hollamby, J. Eastoe, A. Chemelli, O. Glatter, S. Rogers,
R. K. Heenan and I. Grillo, Langmuir, 2010, 26, 6989–6994.

24 W. Zhao, L. Lin and I.-M. Hsing, Langmuir, 2010, 26, 7405–7409.
25 C.-L. Wang, M. Fang, S.-H. Xu and Y.-P. Cui, Langmuir, 2010,

26, 633–638.
26 P. G. de Gennes, Rev. Mod. Phys., 1985, 57, 827–863.

Soft Matter Paper

Pu
bl

is
he

d 
on

 0
2 

Ja
nu

ar
y 

20
18

. D
ow

nl
oa

de
d 

by
 N

at
io

na
l I

ns
tit

ut
es

 o
f 

St
an

da
rd

s 
&

 T
ec

hn
ol

og
y 

on
 2

9/
05

/2
01

8 
16

:2
7:

55
. 

View Article Online

http://dx.doi.org/10.1039/c7sm01971h


1318 | Soft Matter, 2018, 14, 1311--1318 This journal is©The Royal Society of Chemistry 2018

27 C. a Grattoni, R. a Dawe, C. Y. Seah and J. D. Gray, J. Chem.
Eng. Data, 1993, 38, 516–519.
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