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Regioselectivity in colloidal self-assembly typically requires specific chemical interactions to guide
particle binding. In this paper, we describe a new method to form selective colloidal bonds that relies
solely on polymer adsorption. Mixtures of polymer-coated and bare particles are initially stable due to
long-ranged electrostatic repulsion. When their charge is screened, the two species can approach each
other close enough for polymer bridges to form, binding the particles together. By utilizing colloidal
dumbbells, where each lobe is coated with polymer brushes of differing lengths, we demonstrate that
the Debye screening length serves as a selective switch for the assembly of bare tracer particles onto
the two lobes. We model the interaction using numerical self-consistent field lattice computations and
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1 Introduction

Colloidal particles are widely studied because of their display of
phase behaviour that closely mimics that of atoms and
molecules.’ Like their atomic counterparts, colloids can be
utilized as self-assembly building blocks that come together
to form larger functional architectures and bulk materials.>?
Most colloids, however, are limited in their assembly behaviour
because of the isotropic character of their interactions. One way
to achieve control over the structure and functionality of
colloidal systems is to engineer particles’ shapes or decorate
their surface with sticky patches capable of engaging in direc-
tional and selective interparticle bonds. Several types of “col-
loidal glues” have been developed to serve this purpose, from
simple electrostatic charges* and hydrophobic/hydrophilic
interactions,”> to more sophisticated lock-and-key entropic
forces® and DNA-mediated interactions.”

In this article, we describe how to implement polymer-
mediated interactions to program colloidal self-assembly. A
polymer-mediated bond forms when a polymer-coated particle
comes into contact with a polymer-free particle. The two species
are initially stabilized by electrostatic repulsion, preventing
them to make physical contact. By screening the charge, how-
ever, the particles reach a proximity where the polymer can
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show how regioselectivity arises from just a few nanometers difference in polymer brush length.

form bridges and bind them together. We demonstrate selectivity
by using dumbbell-shaped colloids with polymer brushes
of varying lengths grafted onto each lobe. Bridging occurs at
different screening lengths based on the brush length, leading to
the programmable assembly of tracer particles at each lobe. We
investigate polymer-mediated colloidal bonds by combining
experiments and numerical self-consistent field (SCF) lattice
computations, which are widely used to study polymeric and
electrostatic interactions.*** With SCF, the thermodynamic free
energy minimum of inhomogeneous systems containing inter-
faces, polymers, ions and other molecules can be determined,
which in turn can be used to compute interaction potentials. An
advantage of SCF over full scale computer simulations is the
efficiency of the computations, which makes it possible to scan a
large parameter space in a short period of time.

2 Methods

In this section we provide a summary of the experimental and
theoretical methods used. A detailed description of the numerical
self-consistent field method is given elsewhere;'>™* here we give a
short overview of the most relevant details.

2.1 Particle synthesis and assembly

The colloidal model systems we use in this study consist of
polymerizable 3-(trimethoxysilyl)propyl methacrylate (TPM)
emulsions and silica particles.">'® Poly(ethylene oxide)-poly
(propylene oxide)-poly(ethylene oxide) (PEO-PPO-PEO) triblock
copolymers (Pluronic) of different lengths are used to create
polymer brushes on TPM while silica remains bare, acting as

This journal is © The Royal Society of Chemistry 2020
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Fig. 1 Synthesis of polymer-coated spheres and Janus dumbbells. (a)
Optical micrograph of monodispersed TPM oil droplets. Scale bar 3 um.
(b) Schematic representation of the Pluronic surfactant’s architecture at
the TPM—-water interface, with hydrophilic arms extending out into the
water to form a brush and the hydrophobic core anchoring the polymer in
the oil. Ap represents the range of the electrostatic interactions from the
negatively charged TPM surface. (c) SEM micrograph showing polymerized
F108-TPM. Scale bar 3 um. (d) Schematic of the dumbbell synthetic
pathway. Liquid TPM particles are coated with F108 and polymerized.
Solid F108-TPM is used as a seed to grow a new liquid TPM lobe. The lobe
is functionalized with a shorter polymer (F68) and polymerized. The final
product has two lobes with variable brush length. (e) SEM micrographs
showing the tunability in the size of the second lobe, shown in green.
Scale bar 1 um. (f) Confocal micrograph of the dumbbells with different
fluorescent dyes in each lobe. Scale bar 3 pm. (g) SEM micrograph showing
the monodispersity of the dumbbell product. Scale bar 4 pm.

tracers. The Pluronics used in this study are F108 (EO;s,
PO;(EO,3,) and F68 (EO,PO,,EO¢).

TPM emulsions (Fig. 1a) are synthesized by introducing
100 pL TPM oil (98% MilliporeSigma) to a 100 mL solution of
water and ammonia ([NH;] = 15 mM) and stirred magnetically
at 300 rpm in a sealed beaker. After 2 hours, liquid TPM spheres
are finished growing, at which point a solution of Pluronic F108
is added to form a polymer brush ([F108] = 30 uM) (Fig. 1b).
The particles can then either be washed and utilized in their
liquid state, or polymerized. Particles are washed by centrifuging
them at 100 G for 4 hours, decanting the supernatant, resus-
pending the concentrated particles, and finally adding DI water.
The washing process is repeated 3 times. To solidify the TPM,
20 mg of azobisisobutyronitrile (AIBN, 98% MilliporeSigma) is

This journal is © The Royal Society of Chemistry 2020
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added to the suspension and stirred for five minutes, then the
particles are heated for 4 hours at 80 °C. The polymerized particles
are then washed in the manner described above (Fig. 1c).

As we show in Fig. 1d, Janus dumbbell-shaped particles
with two different polymer brushes are made by nucleating a
secondary lobe onto polymerized F108-coated TPM particles
(F108-TPM). Briefly, 100 pL TPM oil is added to a preheated
(80 °C) 20 mL F108-TPM suspension (0.1 wt%) containing
15 mM NH;. The size of the lobe directly depends on the
volume of TPM oil added at this stage (Fig. 1e), while heating
ensures the nucleation of a single lobe. A second Pluronic
surfactant (30 uM, F68) is added to form a shorter polymer
brush on the newly nucleated lobe. The dumbbells are then
polymerized and purified through the processes described
above (Fig. 1f and g). The silica tracers are synthesized via the
Stoéber process.'®

Self-assembly experiments are carried out by mixing polymer-
coated particles with a large excess of silica tracers (number
ratio ~1:3000), and then adding salt to the desired final concen-
tration. Relatively diluted NaCl stock solutions (x~25 mM) are
used to avoid steep gradients during mixing. The suspension is
left undisturbed for one hour to allow the particles to assemble.
Unreacted silica are purified via centrifugation.

2.2 Self-consistent field calculations

Numerical self-consistent field lattice computations, developed
by Scheutjens and Fleer,"”"® were used to study colloidal
interactions mediated by grafted polymers. Scheutjens-Fleer
(SF) SCF is based upon mean-field lattice theory similar to
Flory-Huggins theory,'®?® but takes concentration gradients
into account and can therefore be used to find equilibrium
configurations of inhomogeneous systems. In SF-SCF, every
component in the system is composed of segments and inter-
actions between the different segments are taken into account
by Flory-Huggins y-parameters.>* A potential field is assigned
to the different segment types in every lattice layer based on
the interactions and local volume fractions of all different
segments in the lattice layer and the neighbouring layers. Based
on these potential fields, the statistical probability for a certain
segment to be in a certain layer is calculated. Polymer chain
conformations are approximated by the freely-jointed chain
model resulting from the Edwards diffusion equation. The
finite segment size and volume-filling constraint are taken into
account with boundary conditions.”® Based on the segment
probabilities a new set of volume fractions is calculated for
each layer. This problem is numerically solved in a self-
consistent way within the SF-SCF machinery by starting with
an initial guess for the potential fields at each layer and
calculating a new volume fraction profile which in turn leads
to a new set of potential fields:

(i <= {(¢)hns 1)

where ¢ is the local volume fraction of segment type j and u
denotes the potential field for segment type j. The braces
indicate that a set of volume fractions and potential fields is
obtained for all N lattice layers. This calculation is repeated

Soft Matter, 2020, 16, 7438-7446 | 7439
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until a constant solution is obtained which provides the
optimized free energy of the system.

2.2.1 System parameters. The SF-SCF calculations were
performed using a lattice in which all sites are filled with
components. All energies are in units of kg7 and all length
scales are in units of the lattice size b. Concentration gradients
were taken into account in one direction and the lattice
geometry used for all calculations is flat, unless indicated
otherwise. The lattice constant A, which is a measure for the
fraction of contacts of a segment with a neighbouring lattice
site, is set to 1/3. The water molecules are modeled as a solvent
consisting of a single segment and the TPM molecules are
represented as a linear chain of five segments with one extra
segment connected to each side of the second segment. The
Pluronic surfactants, are modeled as block copolymers consist-
ing of a middle block with hydrophobic PO segments and two
side blocks with hydrophilic EO segments. The size b of one lattice
unit is considered to be equal to the Kuhn length of an ethylene
oxide monomer:** 0.8 nm. The position of a lattice site z is
converted to a distance x through the relation x = bz. The number of
repeating units for the EO and PO blocks in the SCF calculations is
taken as n x 0.36/0.8 and m x 0.36/0.8 respectively, where 0.36 is
the size of an ethylene oxide group® and 7 and m are the number
of repeating units of the Pluronic block copolymers.

The y-parameters used in the calculations are shown in
Table 1. The parameters ygo-w, Xro-w and yro-po are taken
from Hurter et al.”® The yrpm-ro and yrpm-po parameters are
estimated from the interaction parameters between Pluronic
and benzene.*® This is a rough approximation which is based
upon the fact that benzene and TPM are both apolar molecules.
However, it was found that the exact values of these interaction
parameters do not have a large influence on the results since
the adsorption of Pluronics at the TPM/water interface is driven
by the incompatibility of TPM and PPO with water. Moreover,
for simplicity we chose to model the bare tracer particles in the
SF-SCF computations as TPM particles. This means that
the bridging attraction between the polymer-coated particle
and the bare particle is also predominantly determined by the
unfavourable interaction of the bare TPM surface with the water
phase. In the experimental system the bare particle is a silica
particle and there is a specific attraction between the PEO chains
and the silica surface due to hydrogen bonding.”* However, in both
cases it is the relative difference in affinity of PEO chains and water
for the surface that results in a strong bridging attraction and
therefore modeling the second particle as a TPM or a silica particle
is not expected to lead to qualitative differences.

The yrpm-w parameter is estimated by determining the
interfacial tension of the TPM/water interface using SF-SCF in

Table 1 y-Parameters used for the SF-SCF computations

x H,O TPM EO PO
H,0 0.0 3.7 0.4 2.0
TPM 3.7 0.0 0.14 0.1
EO 0.4 0.14 0.0 0.006
PO 2.0 0.1 0.006 0.0
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the absence of surfactants as a function of yrpy_w. The inter-
facial tension can be directly calculated from the grand
potential of the system () which is defined as the free energy
contribution of the inhomogeneities in the system, as follows
from expressing the Helmholtz free energy F as:

F= Z,u,—n,- + Q, (2)
i

where the first term gives the free energy contribution of the
bulk, with u; the chemical potential of component i and n; the
number of molecules of component i. The interfacial tension of
the TPM/water interface y is then given by:

with A the interfacial area, which equals »” for a flat lattice. We find
that a value of yrpyvw = 3.7 gives an interfacial tension that matches
with experimental values***° which are close to 8 mN m™ ",

2.2.2  Block copolymer brush. In the experimental system,
the polymer brushes are obtained by saturating the oil/water
interface of TPM droplets with Pluronic surfactants, after which
solid particles can be obtained by polymerizing the oil.?” To
mimic these polymeric layers with SF-SCF, we model the polymer
brushes according to the following procedure. First, the critical
micelle concentration (cmc) of the surfactants is determined>®
by computing the grand potential of a micelle as a function of the
aggregation number and finding the equilibrium configuration
that satisfies Q = 0. This can be done using different lattice
geometries such as flat, cylindrical and spherical ones. It was
found that a spherical micelle is the preferred configuration for
the block copolymers used in this study. Next, we calculate the
volume fraction profile of a surfactant brush at the liquid/liquid
interface that is in coexistence with a surfactant bulk concen-
tration corresponding to the cmc of the surfactants. Finally, the
adsorbed amount of surfactants at the interface is determined
and this is used as input for the computation of the polymer
adsorbed at a solid/liquid (TPM/water) interface. In this way, a
solid particle with a polymer brush is obtained that has similar
properties as the brush at the liquid/liquid interface.

Fig. 2 shows a comparison of polymer brushes adsorbed
at liquid/liquid and solid/liquid interfaces. It shows that,
although the profiles very close to the interface are different
due to the dissimilar nature of the interface, the profiles of the
brushes further away from the interface are quite similar for
both cases. A key quantity needed to describe the selective
adsorption process is the hydrodynamic layer thickness dy,
which can be determined from the SF-SCF volume fraction
profiles using a method described by Cohen Stuart and
coworkers.”>*® The value of &y, is also very close for both
interfaces as can be seen in Fig. 2. The adsorbed amount of
Pluronics is also directly determined from the volume fraction
profiles and is expressed as the excess number of surfactants at
the interface:

1 N

Iy =302 - %), ()

This journal is © The Royal Society of Chemistry 2020


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0sm00942c

Open Access Article. Published on 07 July 2020. Downloaded on 2/13/2026 1:52:44 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper
EO432 POsg  EOq32
ANAANAANAANAANAANAAANAANANANAANAANANANAN
1.0 1.0 7
(a) (b) |
0.8 0.8+ 1
M |
0.6 0.6/ w1
¢ — EO
0.4 0.4/ o
0.2 0.2
6p=13.8nm 6p=13.4nm 1
0.0 0.0

-10 0 10 20 30 -10 0 10 20 30
X (nm)

Fig. 2 Self-consistent field theory results for the volume fraction profiles
of an EO413,POs6EOQ 3, polymer brush layer adsorbed at (a) the liquid—TPM/
water interface and (b) at the solid—TPM/water interface, in equilibrium
with a polymer solution at the cmc. The volume fraction profile in (a) is
positioned such that the lattice layer where ¢1pm is closest tO ¢pwater IS
taken as x = 0 nm. The adsorbed amount of polymer is equal for both
interfaces.

with L, the number of segments of one Pluronic surfactant, ¢p(2)
the local surfactant volume fraction in lattice layer z and d)g the
bulk surfactant volume fraction. The adsorbed amount is converted
to real units (mg m™>) by the conversion factor 10°M/(Nx,b%), with
M the molar mass in g mol™! and Ny, Avogadro’s number. The
number of lattice layers N used for the block copolymer brush
calculations was chosen large enough to fulfill the condition
that the volume fraction profile in the last lattice layers
remained constant to make sure the equilibrium profile of an
isolated brush was obtained.

2.2.3 Colloidal interactions. To model the double layer
interactions between the particles, a certain charge density is
imposed on the surface of the particles and monovalent ions
consisting of one lattice site are added to the system to set the
ionic strength. The non-electrostatic interactions of the ions
with all other components are taken to be athermal ( = 0). The
normalized surface charge density in SF-SCF can be converted
to real units (C m~?) with the conversion factor e/I?, with e the
elementary charge and [/ the bond length which is set to 0.3 nm
in the calculations for an accurate description of the electro-
statics. Due to our choice to convert the lattice size to real units
using a lattice layer size of b = 0.8 nm, based on the PEO kuhn
length, we slightly overestimate the range of the electrostatic
interactions. The bulk salt volume fraction is converted to real
units (mM) with the conversion factor L/ PN,

A wall is placed at the last layer of the lattice which models
the second particle. The properties of the second particle, i.e.
the surface charge density and the y-parameters, are taken to
be the same as for the TPM. The relative permittivity ¢ used for
water is 80 and for all other components ¢ = 10. The surface
potential of the particles is affected by the grafted polymers due
to their different relative perimittivity with respect to water,
resulting in different surface potentials for the interacting
particles. The surface potentials mentioned in this article,
obtained from the SF-SCF calculations, are always the values
for the bare particle. When the salt concentration is varied, the
surface charge density of the particles is modified accordingly,

This journal is © The Royal Society of Chemistry 2020
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so that the surface potential of the particles is unaffected by salt
concentration.

The interaction potential is determined by calculating the
difference in free energy of the system at large particle separa-
tion (no interaction) and the free energy of the system at a
certain interparticle distance 7 as a function of this distance 4.
Here the system is considered to be in restricted equilibrium,
where the number of polymers in between the surfaces is
constant and the chemical potential is allowed to change as a
function of distance. In this case the dimensionless interaction
potential is given by:*'

W (h)b*

=0T = o)

o — 000) + Mo ()], (3)

where N, is the number of anchored polymers in between the
surfaces (equal to I', times the surface area), u, is the chemical
potential of the polymers, and Q(o0) and up(co) are the grand
potential of the system and the polymer chemical potential in
an external bulk reservoir that is in equilibrium with the system
of interest. During the interaction calculations the PO segments
are pinned to the ten layers closest to the TPM surface so that
all Pluronic surfactants are adsorbed to the surface and there
are no block copolymers in the bulk. Finally, the plate-plate
interaction is converted to a sphere-sphere interaction by using
the Derjaguin approximation.®

We emphasize here that the SF-SCF calculations in this
study demonstrate the proof of principle for selective assembly
of bare and polymer-coated colloidal particles obtained by
changing the Debye screening length. The selective assembly
is solely obtained through the competition between electro-
static repulsion and bridging attraction and does not depend
on specific chemical interactions. Therefore, it is expected that
the exact values for the SCF parameters used in this study
do not have a qualitative influence on the results but only affect
the shape of the interaction curves, the screening length
needed to form bonds, and the selectivity of those bonds.

3 Results and discussion

In this section the main results of the experimental and
theoretical investigations are discussed and compared. First
we focus on the polymer-mediated assembly of bare particles
on polymer-coated spherical particles and investigate the
electrostatic and polymeric interactions that are involved.
Finally we investigate the selective assembly of colloidal tracers
on polymeric dumbbells and discuss how to influence the
selectivity of this assembly.

3.1 Polymer-mediated colloidal bonds

Polymer bridging traditionally results in random flocculation.*?
We achieve specific binding in our model system comprising
F108-TPM and bare silica because polymer bridging occurs
exclusively between these two species. This complementarity
is enabled by the strong anchoring of the hydrophobic Pluronic
core to the TPM, which keeps the water phase polymer-free and
allows the silica surface to remain bare.

Soft Matter, 2020, 16, 7438-7446 | 7441
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Electrostatic repulsion offers control over assembly.
Negatively charged F108-TPM and silica are initially stable
when mixed, however, when their charge is screened, the
particles can come close to each other and bind (Fig. 3a). In
this way, salt concentration is used to trigger the formation of
polymer-mediated colloidal bonds. In Fig. 3b, for example, a
mixture containing F108-TPM and silica particles remains
stable when no salt is added to the system. A moderate 25 mM
NaCl concentration, however, allows the particles to recognize
each other and form clusters (Fig. 3c).

Different particles can be easily combined in this fashion to
generate an array of colloidal products. Various cluster geome-
tries, for instance, are easily accessible by changing the core:-
shell size ratio. In Fig. 3d and e, a large core and small shells
lead to a colloidosome structure, while a small core and larger
shells result in tetrahedrally coordinated clusters.

3.2 Selective binding

Beyond simply triggering adhesion, salt concentration can be
used to make tracers select one type of polymer-coated surface
over another. For example, long brushes can form bonds at a
longer Debye screening length (ip) than shorter brushes.
Experimentally, two different polymer brushes, F108 (long)
and F68 (short), are installed onto TPM surfaces. Since the
polymer is grafted to the TPM surface during polymerization,
F108-TPM and F68-TPM can be mixed together without poly-
mer exchange, retaining their distinct brush lengths. The two
particles begin forming bonds with bare silica at different salt
concentrations, leading to selective adhesion of tracers.

Fig. 3 Polymer-mediated colloidal bonds. (a) Schematic of polymer-
mediated binding. Polymer-coated and bare particles are initially stable
due to long-ranged electrostatic repulsion. When the charge is screened
with salt, the particles can closely approach one another and the polymer
can adsorb onto the bare surface to form a colloidal bond. (b and c)
Optical micrographs of a mixture of F108-TPM and silica tracers at
different salt concentrations. Without salt (b), the mixture is stable, and
at 25 mM NaCl (c) clusters rapidly form. (b and c) Scale bars 4 um. (d) SEM
micrograph of clusters formed from a large F108-TPM core and small silica
shells. (e) SEM micrograph of tetrahedral clusters formed from small F108-
TPM cores and large silica shells. (d and e) Scale bars 2 pm.

7442 | Soft Matter, 2020, 16, 7438-7446
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Fig. 4 Selective bonds on polymer brushes of different lengths. An optical
micrograph of a mixture of F108-TPM, F68-TPM, and tracers at ip = 4 nm
reveals selective assembly, as tracers bind solely to F108-TPM while F68-
TPM (fluorescent) remains stable. Scale bar 4 pm. Bottom left panel: F108-
TPM particle coated in tracers. Bottom right panel: Stable F68-TPM
particle. Inset: Schematic representation of the selection mechanism for
tracers. For a large /p, both F108-TPM (red) and F68-TPM (green) are
stable. As Ap shrinks, F108-TPM can collect tracers, while F68-TPM
remains stable. With a short /p both particles are able to collect tracers.

Schematized in Fig. 4, a mixture of F108-TPM, F68-TPM, and
silica display three assembly behaviors at varying salt concen-
trations. For instance, both brushes are electrostatically stabi-
lized when Ap is long (~8 nm). At a Jp, of 4 nm, tracers begin
adhering to F108-TPM, however the F68-TPM brush is too short
to form polymer bonds. At shorter ip (~2 nm), both brushes
are activated, and tracers adhere indiscriminately. Shown also
in Fig. 4 is an experimental example of selective assembly of
silica tracers onto F108-TPM, while F68-TPM (fluorescent)
remains stable.

3.3 Effect of block copolymer composition

The range of screening lengths where selective adsorption of
the silica tracers occurs depends on the thickness of the
polymer brush. The effect of the block lengths of the Pluronic
surfactants on the hydrodynamic thickness of the surfactant
brush at the TPM/water interface was investigated with SCF.
The hydrodynamic brush thickness J, and the adsorbed
amount [I" for varying number of EO units n and number of
PO units m are shown in Fig. 5a and b. The brush thickness dy,
increases roughly linearly as a function of the hydrophilic chain
length n (Fig. 5a), which is in agreement with what is expected
from scaling relations for grafted polymer chains.’® There is
a slight decrease in the slope of the curve due to the decrease
of the adsorbed amount of polymers at the interface I' as a

This journal is © The Royal Society of Chemistry 2020
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Fig. 5 (a) Hydrodynamic brush thickness dy, and (b) adsorbed amount I" of
an EO,PO,,EQ, surfactant brush layer at the TPM/water interface as a
function of n (black) and m (gray) calculated using SF—SCF theory. (c—e)
Illustrative volume fraction profiles for (n = 76, m = 56), (n = 160, m = 56)
and (n = 76, m = 89), respectively.

function of the hydrophilic block length n (Fig. 5b). Because of
this lower adsorbed amount the polymer coils can occupy more
space parallel to the surface, resulting in less stretching of the
polymers and therefore a slightly smaller hydrodynamic brush
thickness. In contrast to the hydrophilic block length, a larger
hydrophobic block length results in a slight increase of the
adsorbed amount of the surfactants. As a result, the hydro-
dynamic brush thickness also becomes somewhat larger as a
function of m due to the extra volume occupied by the PO
blocks and a small increase of the stretching of the polymers. A
larger hydrophobic block length of the Pluronic surfactants
leads to a smaller increase in the brush thickness with respect
to a larger hydrophilic block length, however it does lead to a
more dense brush than a larger hydrophilic block length.
Mlustrative volume fraction profiles for Pluronic surfactants
with different block lengths are shown in Fig. 5c-e.

3.4 Colloidal interactions

To further study the interactions involved in the selective
assembly, the interaction potential between polymer-coated
and bare-TPM particles is investigated. The interaction potential
between a negatively charged TPM particle with an F108 polymer
brush and a second negatively charged bare TPM particle is
shown in Fig. 6a. At large particle separation, the interaction
between the particles vanishes. A repulsion develops when the
particles come closer due to the overlap of the electrostatic double
layers. Below a certain separation distance % the interaction turns
from repulsive to strongly attractive due to a bridging attraction.
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It arises due to the adsorption of the polymers on the surface onto
the second bare particle. Fig. 6b shows an example of the volume
fraction profile of the polymer brush at 4 = 24 nm where there is
an attraction of roughly 2kT. At this distance the surfactant covers
about 10% of the surface of the second particle, leading to a
bridging attraction that is strong enough to compensate the
electrostatic repulsion and induce an overall effective attraction.
The range of the bridging attraction is significantly larger than the
hydrodynamic thickness of the polymer brush which is 13.4 nm
(see Fig. 2b) for this specific Pluronic surfactant. This is because
the bridging attraction is so favourable that the polymers
stretch,® reducing their configurational entropy, to adsorb at
the surface of the bare particle as can be seen in the volume
fraction profile of the polymer brush. It can be argued that this
stretching might not occur in an experimental system since
the surfactants have to cross an energy barrier to adsorb onto
the surface of the second particle due to the stretching of the
polymers to reach the thermodynamic energy minimum shown in
Fig. 6b. However it can be expected that the range of the bridging
interaction is indeed longer than the hydrodynamic brush thick-
ness since some percentage of the surfactant tails will extend
farther than the hydrodynamic thickness (as seen in Fig. 2b).
Moreover, in an experimental system the polymers have a certain
polydispersity and the extension of the chains is fluctuating,
increasing the likelihood that the surfactants reach the second
particle at distances larger then Jy,.

The height of the maximum in the interaction potential
curve that represents the electrostatic repulsive barrier depends
on several parameters. The effects of the salt concentration, the
surface potential (i,) and the radius of the particles (@) on the
potential curve are shown in Fig. 7. The salt concentration
tunes the range of the electrostatic repulsion, however the
range of the bridging attraction is hardly affected. As a result,
there is an electrostatic barrier against bridging flocculation at
low salt concentrations, but at higher salt concentrations, the
range of the electrostatic repulsion becomes smaller and the
barrier height decreases. The strength of the electrostatic
repulsion can also be tuned with the surface potential and

2 0.6
a b
] (a) 05 (b)
0 [\ 0.4
o TPM
= 1 © 0.3} — EO
:" — PO
0.2
-2
0.1}
-3
! 0.0%
0 20 40 60 80 100 0 5 10 15 20 25
h (nm) X (nm)
Fig. 6 (a) Interparticle separation distance h dependence of the inter-

action potential W between negatively charged F108-TPM and bare-TPM.
The radius of the particles is 50 nm, the salt concentration is 10 mM and
the surface charge density of both particles is 29.5 mC nm~2 resulting in a
surface potential of —100 mV for the bare particle. (b) Volume fraction
profile of the polymer brush at an interparticle distance of 24 nm corres-
ponding to the red dot in panel (a).
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Fig. 7 Influence of salt concentration (a), surface potential yo (b) and
particle radius a (c) on the interaction potential W for F108-TPM interacting
with bare-TPM, determined using numerical SF-SCF lattice computations.
Unless otherwise indicated, the radius of the particles is 50 nm, the salt
concentration is 10 mM and the surface charge density, equal for both
interacting particles, is chosen such that the surface potential of the bare
particle is —100 mV. The surface charge density in the calculations for
panel (b) is varied to obtain surface potentials of —50 mV, —100 mV and
—200 mV for the bare particle.

the size of the particles. When the surface potential or the size
of the particles increases, the overlap of the electrostatic double
layers increases leading to a stronger repulsion and therefore a
higher repulsive barrier in the interaction potential curve.

3.5 Regioselectivity on Janus dumbbells

With two brushes installed on a single particle, tracers can be
directed to adhere to specific areas on that particle. The binary
brush particles take the form of Janus colloidal dumbbells,
whose synthesis is described in Section 2.1. Using SF-SCF, we
show that the dumbbells have a different activation barrier for
the two lobes. In Fig. 8a-c, interaction between bare-TPM, and
either F108-TPM (red) or F68-TPM (green) is plotted for differ-
ent salt concentrations. Because the surface charge densities
and surface potentials of the particles in the experimental
system are not known, the surface charge densities in the
calculations were chosen such that the surface potential of
the bare particles is —100 mV, which is assumed to be a
reasonable value for charged colloidal particles. Due to the
different brush thicknesses of dy, = 13.4 nm and J;, = 8.1 nm for
F108 and F68, respectively, we see that the activation barrier for
F108 is lower in all cases. At low salt concentrations (Fig. 8a),
however, there is still a significant electrostatic repulsive
barrier for both lobes, indicating that the whole dumbbell will
remain tracer free. In Fig. 8b, the increased salt concentration
decreases the activation barrier for F108 to roughly 14T, leading
to tracer adhesion, while the short brush still faces a large
electrostatic barrier. Finally, at high salt concentrations
(Fig. 8c), both barriers are negligible and tracers will adhere
everywhere on the dumbbell.

Fig. 8d-f show optical micrographs of a dispersion contain-
ing negatively charged silica tracers and Janus dumbbells,
verifying the adsorption trend that was expected from the
theoretical SF-SCF calculations. At low salt concentrations,
there is no tracer adhesion (Fig. 8d), and at high salt concen-
trations there are tracers on both lobes of the dumbbell
(Fig. 8f). At an intermediate salt concentration, however, the
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Fig. 8 Regioselectivity on Janus dumbbells. (a—c) SF-SCF interaction
potential curves for F108-TPM (red) and F68-TPM (green) interacting with
a bare-TPM particle. The radii of all particles is 225 nm, corresponding to
the average radius of the experimental tracer particles, and the salt
concentrations are 10 mM (a), 16 mM (b) and 32 mM (c). The surface
charge density, equal for all interacting particles, is chosen such that the
surface potential of the bare particle is —100 mV. (d—f) Optical micro-
graphs of mixtures of Janus dumbbells and tracers at various salt con-
centrations. At 5 mM NaCl (d), both lobes of the dumbbell are stable. At
7.5 mM (e), the smaller F108-TPM lobe is solely decorated in tracers. At
10 mM NaCl (f), the whole dumbbell is covered in tracers. Scale bars (d—f) are
3 um. (g) Schematic representation of regioselectivity. Without salt, both lobes
have sufficient electrostatic repulsion to remain stable. With salt added,
tracers can adhere first to the F108-TPM lobe (red) while the FE8-TPM lobe
(green) is still electrostatically stabilized. With further salt, both lobes are
decorated in tracers. (h) A scanning electron micrograph of a dumbbell with
tracers regioselectively adhering to the F108 lobe. Scale bar 1 um.

silica particles selectively adsorb on the smaller F108-TPM lobe
of the dumbbell, while the larger F68-TPM lobe remains bare.
A schematic of the assembly behavior is shown in Fig. 8g, where
the F108-TPM (red) surface is the first to become decorated
with tracers as A shrinks, and F68-TPM (green) is eventually
decorated as well. Fig. 8h shows a SEM micrograph of a
dumbbell from Fig. 8e, with tracers on the F108-TPM lobe.
The exact salt concentrations where the selective adsorption
takes place in the experimental system do not match quantita-
tively with the theoretical predictions from Fig. 8a-c. A likely
reason for this difference is that the electrostatic interactions
do not correctly match with the experimental system. The
surface potentials of the particles in the experimental system
do not exactly match the surface potentials in the theoretical
model and the size of both dumbbell lobes and the adsorbate
particle in the model are taken to be equal to the size of the
experimental silica particles. Also the range of the electrostatic
interactions is slightly overestimated due to the value chosen

This journal is © The Royal Society of Chemistry 2020
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for the lattice unit size as mentioned in Section 2.2.3. The
bridging interactions in the calculations could also be made to
resemble the experimental system more closely by modeling
the adsorbate particle in the calculations specifically as a silica
particle. A more realistic model of PEO adsorption on a silica
surface was proposed by Postmus et al.,>® here we use a general
model for the proof of principle of regioselectivity through
polymer brushes with different thickness. Finally, the thickness
of the polymer brushes might be underestimated in the SF-SCF
model due to the mean field approximation where fluctuations are
not taken into account."? Polydispersity of the block copolymers,
that can lead to an increased effective brush thickness,?” is also not
taken into account in our model.

Regioselectivity is determined by the difference between the
height of the repulsive barriers of the dumbbell lobes inter-
acting with a bare particle (shown in Fig. 8a—c). This difference
depends mostly on the brush thickness between the two dumb-
bell lobes, set by the composition of the polymers. A large
difference in brush thickness leads to more selective assembly
by widening the range of salt concentrations where assembly
can be found. Moreover, particle properties like size and surface
potential affect the strength of the electrostatic repulsion, as seen
in Fig. 7, and can further enhance the contrast between the energy
barriers at each lobe. This can potentially lead to a system with
three distinct polymer lengths for increased complexity.

4 Conclusions

We have demonstrated the possibility of polymer-mediated
selective adsorption of particles on colloidal dumbbells that
contain polymer brushes with a different thickness at each
lobe. The method discussed here is generally applicable for
surfaces that contain polymer brushes with different thickness
and does not require specific interactions such as complemen-
tary DNA strands, but is obtained simply by tuning electrostatic
and polymeric interactions. Currently, polymer-mediated
adsorption results in irreversible and non-reconfigurable bind-
ing, preventing ordered structures such as crystals from form-
ing, so future systems will look to achieve reversibility between
polymer-coated and bare surfaces. Further, materials such as
polynipam microgels are an attractive choice for polymer-
mediated interactions, since properties such as brush length
can be controlled by various stimuli, allowing for dynamic tuning
of the interaction range. Other applications of polymer-mediated
interactions include the use of more complex polymer-coated
patchy particles for directional colloidal self-assembly.
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