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Bonding Assembled Colloids without Loss of Colloidal

Stability

Hanumantha Rao Vutukuri,* Johan Stiefelhagen, Teun Vissers, Arnout Imhof,

and Alfons van Blaaderen*

In recent years the diversity of self-assembled colloidal struc-
tures has strongly increased, as it is fueled by a wide range of
applications in materials science and also in soft condensed-
matter physics.'™¥ Some potential applications include photonic
bandgap (PBG) crystals, materials for plasmonic devices, high-
efficiency energy conversion and storage, miniature diagnostic
systems, desalination, and hierarchically structured catalysts.['™*!
Three dimensional colloidal crystals with mostly close-packed
(randomly or face-centered cubic (fcc) stacked) structures have
been fabricated via various methods, some of which are able to
impose the orientation of these crystals, e.g., sedimentation, P!
colloidal epitaxy,® evaporative or “flow controlled” deposition,!
shear flow,®”! and spin-coating.'?) Fewer methods have been
reported to generate non-close-packed colloidal crystal struc-
tures, for instance, by a physical or chemical immobilization of
colloidal arrays with a readily polymerizable monomer, which
is dissolved in the dispersion,!'"l and by a combination of
thermal sintering and etching of close-packed colloidal crys-
tals.l"®) Many methods are currently being developed further to
fabricate more diverse crystal symmetries and non-close-packed
structures by tuning the interaction between the particles, e.g.,
oppositely charged interactions,617) external electric fields,®-
201 and/or non-spherical shapes.?!?2l However, the structures
thus formed are vulnerable to capillary forces that arise when
the solvent is evaporated and to many other post-treatment
steps, especially when the particles are non-close-packed.'
For example, to obtain a PBG in the near infrared, the artificial
opals must be dried, then infiltrated with a high-refractive-index
material, and the spheres must subsequently be selectively
removed by chemical etching!>?%] or a thermal treatment (calci-
nation or pyrolysis).[l:2:414.24]

Here, we present a facile and flexible one-step, in situ, thermal
annealing method to permanently fix non-close-packed and
close-packed polymeric structures so that they easily survive a
subsequent drying step without loss of colloidal stability. We first
demonstrate the concept with fluorescently labeled and sterically
stabilized polymethylmethacrylate (PMMA) particles!®’! because
this system can be readily index and density matched, allowing
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us to compare their structures in 3D real-space before and after
the treatment by means of confocal laser scanning microscopy.
In unrelated work, we have already demonstrated this method
for creating 1D colloidal bead chains by the application of an
external electric field,”?% but it is shown in the present paper that
the method presented is quite general and can be applied on
many other self-assembly schemes. Moreover, we show that the
shape and volume fraction of the particles after bonding can be
changed by varying the heating time.

Here, we implement our method to three different non-
close-packed assemblies and one close-packed structure: i) ionic
colloidal crystals of oppositely charged particles with a CsCl
morphology, ii) external electric field induced body-centered
tetragonal (bct) crystal structures, iii) labyrinthine or maze-
like sheet structures induced by external electric fields, and
iv) random hexagonal close-packed crystals.

Recently, it has been demonstrated that cesium-chloride-
type (CsCl) crystals can be fabricated from a binary mixture
of oppositely charged colloids in a density- and refractive-
index-matched low-polar solvent mixture of cyclohexyl bro-
mide (CHB) and cis-decahydronaphthalene (cis-decalin) by
tuning the salt concentration.'”] Here, instead of adding salt
to the dispersion to induce opposite charges between the two
particle species, we functionalized one of the particle species
by incorporating the basic monomer 2-(dimethylamino)ethyl-
methacrylate during the synthesis. At sufficiently high volume
fractions of the two different colloidal species, they acquired
opposite charges after mixing them together. We were able to
grow crystals (Figure 1a) consisting of oppositely charged par-
ticles with diameters of 1.11 um and 1.05 um. The CsCl struc-
ture consists of an equal number of cesium and chloride ions
arranged alternatingly at the vertices of a body-centered cubic
lattice, such that each particle has eight dislike neighbors. The
maximum packing fraction for a CsCl crystal can be calculated
using dea (v) = V37 (1+¥3) / (2(1 + y)*), where yis the size
ratio.’® For our binary system with a size ratio close to unity
(y = 0.9545), the corresponding maximum volume fraction is
0.68. Although dense, the packing of the CsCl type structure
is below that of the hexagonal close-packed (hcp) and fcc struc-
ture, which achieve a packing fraction of 0.74. Because of their
non-close-packed nature, we observed that it was not feasible
to preserve the CsCl structures simply by letting the solvent
evaporate; due to the strong drying forces the regular struc-
ture was completely lost even after careful and slow drying for
about 6-7 days at room temperature. However, we found that
the assembled CsCl-type structures could be made to survive
the drying step by first performing a simple thermal annealing
method.
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Figure 1. CsCl-type crystals. Confocal 2D x — y microscopy images of
positive (red, radius 555 nm) and negative (green, radius 525 nm)
PMMA spheres, showing CsCl-like crystals with different orientations,
before (a) and after (b) the heat treatment. Note that the images were
not recorded at the same spot in the sample. ¢,d) SEM images of dried
CsCl-type crystals showing that the CsCl structure was preserved. Scale
bars are 5 um.

To anneal the crystals, first a CsCl-type crystal was grown in an
upright positioned capillary cell of 0.1 mm x 1.0 mm cross sec-
tion. The capillary was then immersed in a hot water bath (75 °C)
for about 2 min. This was followed by cooling through contact
with ambient air. After the heat treatment, all the particles were
immobilized and we did not observe any Brownian motion at the
single particle level within the structure, which still remained
crystalline. Finally, we carefully opened the cell and then dried
the crystalline structure for about 6-7 days at room temperature,
similar to what was described above for the CsCl crystals that
were not first heat treated. Confocal microscopy images of CsCl-
type crystals are shown before (Figure 1a) and after (Figure 1b)
the heat treatment. Figure 1c,d are scanning electron microscopy
(SEM) images of the dried CsCl-type crystals. Clearly the order
was well preserved.

To probe the underlying mechanism of bonding between
the physically touching neighboring particles we measured
the glass transition temperature (T,) of PMMA particles (o =
2.30 um) in both dry and wet states, as shown in Figure S1 (Sup-
porting Information). The glass transition temperature (T, =
144.5 °C, Supporting Information Figure Sla) of dry PMMA
particles was slightly higher than that of the particles in a wet
state (T, = 142.5 °C, Supporting Information Figure S1b). Note
that the measurement was done 5 min after the sample prepa-
ration (42 wt%). The glass transition temperature decreased fur-
ther (T, = 137.8 °C, Supporting Information Figure S1c) when
the sample had been allowed to equilibrate for about 7-8 days.
We suspect this effect was the result of a slight swelling
of the PMMA particles in cyclohexyl bromide (CHB). Our
bonding temperature was 70-75 °C, which is still well below
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the glass transition temperature of PMMA particles in both
dry and wet states. Therefore it is unlikely that viscous flow
took place between the physically touching neighboring parti-
cles during the bonding step. We believe that an explanation
for the bonding of particles may be found in the fact that at
elevated temperatures, the steric poly-12-hydroxystearic acid
(PHSA)-PMMA comb-graft stabilizer that is present on the
surface of the particles®”! redistributes so that the particles that
are in contact bond (fuse) together permanently by the same
van der Waals forces between the PMMA polymers that keep
the uncross-linked particles together. Once the dispersion was
brought back to room temperature, the steric stabilizer appar-
ently rearranged to its original state because the particle assem-
blies became stable again, as we will show later. Hence particle
stability by steric stabilization was not lost after the bonding.

External electric fields have proven to be a versatile tool to
direct colloidal self-assembly into strings (1D),?*?”] sheets
(2D),?8 and equilibrium 3D crystallites.[129293% Sugpensions
of particles with long-range screened Coulombic interactions
and induced dipolar interactions show especially rich phase
behavior.?31 Non-close-packed structures such as body-cen-
tred tetragonal (bct) and body-centred orthorhombic (bco) are
among the possible crystalline phases for these types of sys-
tems. An important feature of the field-induced crystals is their
complete crystallinity.

Suspensions consisting of positively charged monodisperse
PMMA particles in a nearly refractive-index-matched organic
solvent (CHB) were introduced into a thin indium tin oxide
coated electric cell.'® Large single-domain bct crystallites that
do not have a layer of colloidal fluid on top were grown under
an external AC field (E, s = 0.85 V um™, f=1 MHz, where E,
is the root-mean-square electric field strength and f'is the fre-
quency).2% Two things make it difficult to preserve the obtained
bet structure during drying: i) the field and solvents that are
required for it to exist and ii) it is metastable with respect to
a fcc lattice (close-packed) to which it deforms under small
perturbations.['82031 To overcome these limitations, we first
immobilized the “wet crystal” using the thermal treatment. The
entire sample was heated to 70-75 °C for about 2-3 min using
a stream of hot air that was much wider than the sample cell.
We kept the field on for 8-10 min more while the sample cell
was allowed to cool down to room temperature. The assembled
structures remained stable in the liquid even after the electric
field was turned off as shown in Figure 2d. Figure 2a,b clearly
illustrate the difference between the bct and fcc structures.
Figure 2e clearly shows that the bct order was also preserved in
the dried form.

For particles interacting as magnetic or dielectric dipoles,
labyrinthine patterns can be formed by particles that get stuck
in one of the possible local minimum (metastable) energy
states rather than being in the ground state as in the case for
equilibrium structures.['®3233] The internal structure of the lab-
yrinth is solely dependent on the rate at which the applied field
was increased and on initial conditions, which is indicative of
a configuration space that has a vast number of local energy
minima.B333* However, these labyrinthine structures do slowly
evolve to form 3D crystals.[1820]

At a moderate particle concentration (¢ = 0.20, o = 2.3 um,
where ¢ is the volume fraction and o is the particle diameter)
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Figure 2. Large permanent bct crystallites were fabricated from 2.1 um
PMMA particles in CHB. a) Unit cell of the bct crystal. The white arrows
indicate the direction of the field-induced dipole moments. The bct struc-
ture corresponds to a = b # c. The top-view of the body-centered structure
can be constructed by placing strings of particles (with ¢ being the inter-
particle distance in the strings) shifted by ¢/2 into two interpenetrating
rectangular lattices. b) For comparison, the fcc structure is shown in side
(x—z) and top (x —y) views. c) A confocal microscopy image that clearly
reveals the characteristic bct stacking: a square arrangement of spheres
perpendicular to the applied electric field (the top layer is indicated with
the square outline). d) Confocal microscopy image of an x — y slice in the
mid-plane of the heat-treated sample in the absence of the applied elec-
tric field. e) SEM image of a dried bct structure. Scale bars are 5 um.

and field strength (E,,s = 0.70 V um™, f=1 MHz), a labyrin-
thine structure was observed when the field was increased
from 0 to 0.70 V um™! in less than 30-45 s. The labyrinthine
structures rely on the presence of an external electric field, i.e.,
particles disperse again when the field is switched off. After the
structure had formed the entire sample was heated to 70-75 °C
for about 2-3 min. Upon subsequent removal of the field, a
confocal microscopy image (Figure 3a) revealed that the struc-
ture was completely preserved. We believe that these structures
are interesting model systems to study the diffusion of tracer
particles in porous materialsi3¥ and that they are also useful for
the fabrication of materials, which rely on strongly anisotropic
arrangements of the particles, such as field-structured compos-
ites, for efficient and directed heat transfer.*’]

Colloidal self-assembly by sedimentation is one of the most
common and simple techniques for making colloidal crystals
for a range of applications.*-03% Close-packed structures can be
easily preserved simply by controlled drying. Here, we present
a new in situ method to permanently preserve the crystalline
structure in a more robust way. A large random hexagonal
close-packed (rhcp) crystal (Figure 4a) was grown by sedimen-
tation from a nearly refractive-index-matched hard-sphere-like
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Figure 3. Labyrinth structure consisting of 2D particle sheets ori-
ented in the direction of the applied field (field is perpendic-
ular to the imaging plane) at a packing fraction of about 20%.
a) Confocal microscopy image showing a cross section of a permanently
bonded labyrinth pattern in the absence of the applied electric field. b)
Rendered particle coordinates revealing the 3D network of the perma-
nently bonded structure. c) SEM image of a labyrinth structure that has
been immobilized by thermal annealing. Scale bars are 10 pm.

colloidal dispersion (3.1 um PMMA particles in salt saturated
CHB) in a capillary cell of 0.1 mm x 2.0 mm. The capillary cell
was then immersed into a hot water bath at 80 °C for about
2-3 min. Next, the cell was carefully opened and subsequently
the crystalline structure was dried for about 6-7 days at room
temperature (Figure 4b).

In an identical sample, the close-packed particles were heated
for 15-20 min. The surface tension forces?®”38 between the par-
ticles and the solvent caused them to deform from a sphere to
a rhombic dodecahedron (Figure 4c). It is well known that even
for homogeneous polymer particles the glass transition temper-
ature for the outer layer of the polymer can differ significantly
(tens of degrees) from that of the interior.?**! This sintering
process has been discussed in the literature using a range of
models arising from either a viscous flow process driven by sur-
face tension effects or an elastic Hertzian deformation of elastic
spheres under tension. Almost certainly, the reality is some
more complex viscoelastic intermediate form where the details
depend mostly on particle and stabilizer properties.[*?l By var-
ying the heating time we were able to tune the packing fraction
within the crystalline structure, as was shown before for latex
film formation*”*®¥ and annealed inorganic colloidal crystals of
silica particles at elevated temperatures.['>*3] Moreover, tuning
PBG properties in this way could also be possible.[+344]

Finally, we heated the sample cell at elevated temperatures (95 °C)
for a longer period of time, about 2.5-3.0 h. The space-filling
rhombic dodecahedron structures (Figure 4c) then transformed
into thin films by polymer interdiffusion across the boundaries
(Figure 4d). This interdiffusion process is also expected to
increase the mechanical strength of the polymer film ]

Adv. Mater. 2012, 24, 412-416
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Figure 4. Close-packed hard-sphere crystal. a) Confocal microscopy
image of the rhep crystalline structure. b-d) SEM images of dried hard-
sphere crystals that were annealed at different temperatures (T) and
heating times (t,): b) T=70 °C and t, = 2-3 min, ¢) T=80 °C and t, =
15-20 min, and d) T =95 °C and t, = 2.5-3 h. In panels (c,d) the upper
inset shows a magnified view of the internal structure. ) SEM image of a
bct crystal that shows the square arrangement of spheres perpendicular
to the applied field. Note that the particles that were in contact with each
other had bonded permanently. A small portion of the spheres in the first
layer were flattened by the electrode wall. Scale bars are 10 pm.

Moreover, our method can easily be extended to different
self-assemblies of particles. For example, Figure 4e illustrates
the start of particle deformation in films of bct crystals that
assembled in an electric field. The SEM image shows particles
that are touching an electrode.

An interesting feature of our method is that the permanently
bonded and dried structures could be used either as seeds for
crystal nucleation and growth studies!®*®*”] or for a successive
self-assembly process. Additionally, the permanently bonded
structures can readily be redispersed and remain stable after-
wards (see Supporting Information).

In summary, we have demonstrated a simple and efficient
thermal annealing method to bond colloids together perma-
nently after an initial self-assembly step without loss of col-
loidal stability. Subsequently, these structures can be used in
a second self assembly step and/or in further processing steps
such as drying and chemical depositions.['242324 We strongly
believe that our method will work with many (sterically sta-
bilized) polymer colloids and could also be easily extended to
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more complex core/shell architectures in case the outer layer is
a polymer layer.

Experimental Section

PMMA particles were synthesized by dispersion polymerization,
covalently labeled with the fluorescent dye 7-nitrobenzo-2-oxa-1,3-diazol
(NBD) or rhodamine isothiocyanate (RITC), and sterically stabilized with
poly(12-hydroxystearic acid).?’ 1.05 um, 1.10 pm, 2.05 um, 2.35 um,
and 3.10 diameter PMMA spheres in nearly density-matched mixtures
of the low-polar solvents CHB and cis-decahydronaphthalene were
used. To achieve hard-sphere-like interactions, the 2.05, 2.30, 2.35, and
3.10 um PMMA particles were dispersed into salt (tetrabutylammonium
bromide, TBAB, Sigma) saturated CHB.[2028] All solvents were used as
received without any further purification. Two types of electric cells were
used: rectangular capillaries (VitroCom, UK) and homemade sandwich
ITO-coated glass cells. The rectangular sample cells consisted of a
0.1 mm x 1.0 mm cross section capillary with two 50-um-thick nickel-
alloy wires (Goodfellow) threaded along the side walls. After the cell
was filled with the colloidal suspension, it was sealed with UV-curing
optical adhesive (Norland no.68) and the particle dynamics were studied
by means of confocal laser scanning microscopy (Leica TCS SP2). A
function generator (Agilent, Model 3312 OA) and a wide-band voltage
amplifier (Krohn-Hite, Model 7602M) were used to generate the electric
fields. After drying the sample, structures that were made permanent by
thermal annealing were imaged using SEM (FEI, XL30FEG). Differential
scanning calorimetry (HP DSC827e, Mettler-Toledo, USA) was used to
measure the glass transition temperature in both dry and wet states.
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