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Electric field driven self-assembly of ionic microgels

Sofi Nöjd,a Priti S. Mohanty,*a Payam Bagheri,b Anand Yethirajb

and Peter Schurtenbergera

We study, using fluorescent confocal laser scanning microscopy, the directed self-assembly of cross-linked

ionic microgels under the influence of an applied alternating electric field at different effective packing

fractions feff in real space. We present a detailed description of the contribution of the electric field to

the soft interparticle potential, and its influence on the phase diagram as a function of feff and field

strength E at a constant frequency of 100 kHz. In our previous work [Mohanty et al., Soft Matter, 2012,

8, 10819], we demonstrated the existence of field-induced structural transitions both at low and high

feff. In this work, we revisit the phase behavior at low and intermediate feff with a focus on both

structure and dynamics. We demonstrate the existence of various field induced transitions such as an

isotropic fluid to string phase to body centered tetragonal (BCT) crystal phase at low concentrations and

a reversible field-induced crystal (face centered cubic, FCC) to crystal (BCT) transition at intermediate

concentrations. We also investigate the kinetics of the crystal–crystal transition and demonstrate that

this occurs through an intermediate melting process. These results are discussed in the light of previous

studies of dipolar hard and charged colloids.
1 Introduction

Directed self-assembly of colloids using external electric elds is
a promising route towards the development of three-dimen-
sional (3D) ordered structures with different symmetries,1–7 with
potential applications in advanced materials such as electro-
rheological uids or photonic crystals. When an external elec-
tric eld is applied to a colloidal suspension, the particles
acquire an electric dipole moment as a result of the mismatch
of the permittivity of the particle with that of the solvent and, as
a result, they form elongated structures that align along the
eld direction. This eld-induced string formation has
dramatic consequences for the rheological properties, and
these suspensions are thus called electrorheological (ER)
uids.8,9 The electric eld-induced phase behavior in colloidal
suspensions is mostly governed by an interplay between hard-
sphere repulsions and the dipole–dipole interaction, whose
strength can be tuned by the magnitude of the electric
eld.1–5,9–15 The addition of electrostatic repulsions in addition
to the hard-sphere and dipolar interaction has been shown to
produce even more complex crystal phases along with the
possibility of crystal-to-crystal transitions.4,13

“So” colloids,16–18 where the center to center distance as can
be smaller than the diameter so, are an interesting alternative to
istry, Lund University, Lund, Sweden.

ography, Memorial University, St. John's,

Chemistry 2013
the previously studied hard-sphere-like and charged colloids.
The intrinsic soness of the particles gives rise to a nite
repulsion at or beyond contact, and such so colloids have
recently attracted considerable interest within the experimental
and theoretical so matter community. In particular, cross-
linkedmicrogels such as poly(N-isopropylacrylamide) (PNIPAM)
have frequently been used as an excellent model system for so
colloids.19–26 As a result of the so potential, microgels can be
packed to an effective volume fraction feff far above closed
packing fcp z 0.74 expected for non-deformable hard spheres,
with enormous consequences for the resulting structural and
dynamic properties.

Ionic microgels are yet another interesting class of so
colloids, where the effective interaction potential crosses over
from a Yukawa type interaction at large inter-particle distances
as [ so to a much soer one at short distances as ( so.27–29

This so-repulsive interaction is expected to dominate at high
feff, and theory has shown that a very rich phase behavior exists
with many new crystalline phases appearing.28 In a previous
study,30 we have demonstrated that ionic microgels can be used
as a promising model system to study dipolar interactions in
suspensions of so particles. We in particular observed eld-
induced structural transitions from a glassy state to crystal and
to an arrested phase separated state at feff > fcp. In the case of
charged hard-core spherical particles such as polystyrene
colloids in aqueous suspensions under an external AC eld, the
dipolar interaction at lower frequencies (�kHz range) is a sum
of the contributions from ionic polarization arising from the
surface charges in the double layer and dielectric polarization
Soft Matter, 2013, 9, 9199–9207 | 9199
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Fig. 1 Schematic picture of the field set-up. The suspension is kept between two
ITO-coated cover glasses separated by a 120 mm spacer. An alternating electric
field at a frequency of 100 kHz is applied along the Z-direction and observations
are made in the XY-plane.
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arising from differences in the dielectric constant between
particles and solvent.7,31 At high frequencies (�MHz range),
primarily studied with charged hard-core colloidal spheres in
both aqueous and low polar solvents, the contribution from
ionic polarization is reduced and the eld-induced interaction
is thought to be governed primarily by dielectric polarization.3–6

In contrast to these traditional colloidal systems, ionic
microgels in the swollen state contain more than 80% of water,
and the dielectric permittivity difference between the particle
and water is likely too small to result in a signicant dielectric
polarization in the presence of an external electric eld. Given
the fact that ionic microgels contain signicantly higher
amounts of conned counterions compared to the number of
surface charges,29 we believe that the dominant contribution
comes from the polarization of conned counterions.

So far, the phase behavior at intermediate feff ( fcp has
remained unexplored. Hence this motivated us to carry out eld
studies at intermediate concentrations. In the present work, we
use ionic microgels of PNIPAM-co-PAA. The particles have a low
polydispersity when compared to the microgels used in our
previous study, and they have a larger cross-linking density of
5 mol%. Here, we explore the structure formation and dynamics
at 0.07 # feff # 0.66 under the inuence of a uniaxial alter-
nating electric eld at a constant frequency of 100 kHz using
confocal microscopy.
2 Materials and methods
2.1 Synthesis and particle characterization

We use uorescently labeled PNIPAM based ionic microgels as a
model system to study the electric eld driven self-assembly at
different packing fractions using confocal laser scanning
microscopy (CLSM). Ionic microgel particles were synthesized
by free-radical precipitation polymerization30 using N-iso-
propylacrylamide (NIPAM) as the monomer, N,N-methylene-
bis-acrylamide as a cross-linker, and methacryloxyethyl
thiocarbamoyl rhodamine B (MRB) as a covalently linked uo-
rescent label. Acrylic acid was used as an ionic co-monomer.
The cross-linking density of the particles was 5 mol%, and the
polydispersity was 5%. The samples were fully de-ionized using
ion exchange resins.

Dynamic and static light scattering studies were carried out
in the swollen state at a temperature of 20 �C using a modulated
3D cross-correlation DLS instrument (LS Instruments, Switzer-
land). The hydrodynamic radius (RDLS ¼ 530 nm) was extracted
using a rst order cumulant analysis26 from the measured
intensity cross-correlation function. The particle form factor
measured by static light scattering (SLS) was tted with the so-
called fuzzy sphere model.20 From the t we obtained a core
radius of Rcore ¼ 337 nm, a fuzzy shell thickness of 2ssurf ¼
20 nm and thus an overall radius of RSLS ¼ 357 nm. A
comparison of the size of the ionic microgel in the swollen state
(at T¼ 20 �C) obtained by DLS and SLS shows a large difference.
We believe that this difference arises from the ultra-so nature
of the particles, where the outermost loosely cross-linked shell
swells considerably, mostly due to the presence of the internal
conned counterions. This then results in a very low local
9200 | Soft Matter, 2013, 9, 9199–9207
polymer density in the shell and thus a very low scattering
contrast. Effective volume fractions were determined from the
relative viscosity measured with a capillary viscometer at low
concentrations at T ¼ 20 �C.19

2.2 Confocal microscope and electric eld geometry

All electric eld studies were carried out using an inverted
confocal laser scanning microscope (CLSM) (Leica DMI6000
with an SP5 tandem scanner in the resonant mode of 50 frames
per s, an excitation wavelength of 543 nm and using a 63� or
100� immersion objective with a numerical aperture of 1.4).
The fast resonant scanner allows us to accurately track particles
even at low concentrations in the uid state. The CLSM is
mounted in a thermostatted enclosure, which enables temper-
ature control with an accuracy of 0.2 degree. In the current
study, wemostly worked at a constant temperature of 20 �C, and
the number density was varied to perform experiments over a
range of effective volume fractions from 0.07 # feff # 0.66. The
samples were contained between two ITO-coated cover glasses
separated by a spacer, resulting in a gap width of 120 mm, and
measurements were made more than 10 particle diameters
away from the cover slide to minimize wall effects. A schematic
gure of the observation geometry is shown in Fig. 1. A sinu-
soidal electric eld at a frequency of 100 kHz was applied along
the Z-direction perpendicular to the image plane, and all the
observations were made in the XY-image plane.

3 Results

An overview of the samples studied and a summary of our
results are given in Fig. 2. At low feff, we observe a eld-induced
uid to string transition at intermediate eld strength. At
higher eld strengths we observe an additional two phase
This journal is ª The Royal Society of Chemistry 2013
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Fig. 2 Phase diagram of ionic microgels in the presence of a uniaxial alternating
electric field at different feff exhibiting, at lower packing fractions, transitions
from fluid to fluid + string and gas + BCT coexistence, and at higher packing
fractions, transitions from FCC to BCT to gas + BCT coexistence at a constant
frequency of 100 kHz.

Fig. 3 Pair correlation function g(r) for a microgel suspension at feff ¼ 0.07,
obtained in the fluid state using CLSM (typical image shown in the inset) together
with a calculation based on a Yukawa potential.
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region where a gas and a body centered tetragonal (BCT) phase
coexist. This is consistent with our previous studies,30 where we
also found novel glass to crystal transitions at ultra-high effec-
tive packing fractions. In this work, we probe in detail the
intermediate effective packing fraction, feff ¼ 0.66, i.e. above
the freezing line at zero eld, where we observe a eld-induced
crystal (face centered cubic, FCC) to crystal (body centered
tetragonal, BCT) transition. In the following, we discuss the
different regions of the phase diagram and focus in particular
on the FCC–BCT transition and the comparison to analogous
eld-induced transitions in hard-sphere like systems.
3.1 Zero-eld phase behavior at low feff ¼ 0.07

Ionic microgels possess a variable degree of soness and a
tunable interaction potential that varies from a long-range
Yukawa-like interaction at large separation distances to a much
soer repulsive interaction (Hertzian type) at short distances.27

At low feff the ionic microgels thus mostly interact with a long-
range Yukawa type interaction. This is demonstrated with a
typical experimental pair correlation function g(r) in the liquid
state at low feff ¼ 0.07 as obtained from CLSM using the
methods described in our previous work26 shown in Fig. 3. The
number of effective charges per particle Zeff was determined by
tting the experimental g(r) to the theoretical prediction as
calculated using liquid state theory based on the hyper netted
chain HNC closure relationship with a Yukawa potential as
described earlier.30 From the t, we obtained Zeff ¼ 350e for the
effective charge of the microgels, and a Debye screening
length k�1 ¼ 150 nm.
3.2 Field driven phase behavior at low feff

The eld-induced behavior of the ionic microgels at different
values of feff and at different electric eld strengths E (in Vrms

mm�1) with the eld applied along the Z-direction (see Fig. 1) is
illustrated with a series of two-dimensional (2D) CLSM images
This journal is ª The Royal Society of Chemistry 2013
in Fig. 4. First we look at the eld-driven phase behavior at feff¼
0.07 and 0.33 at a frequency of 100 kHz. At E¼ 0 the particles are
initially in an isotropic liquid-like state with a homogeneous
distribution in the eld of view. At relatively low eld values of
E ¼ 0.041 Vrms mm�1 at feff ¼ 0.07, we observe an apparent
decrease of the 2D number density in the eld of view of the
microscopy image plane with increasing E. From our previous
study we know that under these conditions particle strings form
along the eld direction.30 This was clearly demonstrated with a
eld applied along the X-direction instead, where the chains
subsequently formed and aligned along the X-direction in the
image plane. However, if the eld is applied along the Z-direc-
tion, string formation takes place correspondingly along the
Z-direction, and in the XY-plane we only see the 2D projection of
a string that looks like a single particle in the image plane.

As the eld strength is further increased, the chains start to
associate laterally to form columnar aggregates, which appear
in the XY-plane as clusters of 2–3 particles (i.e. strings) at E ¼
0.041 Vrms mm

�1 for feff ¼ 0.07 and clusters of 4–5 particles (i.e.
strings) for feff ¼ 0.33. The driving force for this lateral attrac-
tion between individual strings is the sum of individual pair-
wise dipole–dipole interactions between spheres in two
strings.32 The result of this is that when two strings have a
density modulation in Z that is in phase (“stacked”), the inter-
action is always repulsive, however, when they are out of phase
by half an inter-particle spacing, then the interaction is attrac-
tive at short distances but repulsive at large distances. It is this
attractive/repulsive interaction that, coupled with the so
repulsions, can give rise to a complex phase behavior.

At even higher eld strengths, the aggregates increase in size
and form well dened ordered lattice structures with a square
symmetry in the XY-plane that is typical for BCT structures3,4,30

as demonstrated in the snapshots shown in Fig. 4 at E ¼ 0.07
Vrms mm

�1 and 0.1 Vrms mm
�1 for feff ¼ 0.07 and for E ¼ 0.088

Vrms mm
�1 for feff ¼ 0.33. It is interesting to point out that we

nd ring-like structures at feff ¼ 0.07 and E ¼ 0.07 Vrms mm
�1. A

ring in the 2D projection is simply a sheet that closed in on
itself. It has been shown that BCT structures are preferred to
sheets above a threshold eld and chain length.3 However, it is
possible that a small sheet that closes in on itself might have
Soft Matter, 2013, 9, 9199–9207 | 9201
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Fig. 4 2D confocal images taken in the bulk (10 particle diameters from the cover glass surface) with increasing field strength E (in Vrms mm
�1) at different feff of 0.07, 0.33

and0.66. Thefielddirection isperpendicular to the imageXY-plane.Alsoshownas insetsarediffractionpatternsobtained fromaFourier transformof the imagesatfeff¼0.66.
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comparable stability to a small BCT crystallite. These poly-
crystalline BCT structures coexist with a large space containing
a few individual chains. The largest BCT crystallite observed
had a size of around 7000 mm3. The polycrystalline domain is
comparatively larger for the higher feff ¼ 0.33, as expected. The
coexistence of BCT structures with an aggregate-free space
(whose fraction changes with the overall packing fraction) is
akin to that of a gas–solid transition as observed in the previous
studies on hard sphere colloids under an external electric
eld4,32 at low feff. Hence our 2D phase diagram demonstrates a
structural transition from an isotropic uid to a string uid and
then to a coexistence of aggregates of string-gas and BCT states
with increasing eld strength for the two volume fractions of
feff ¼ 0.07 and 0.33.

It is also worth pointing out that recent experimental studies
on highly polarized hard sphere magnetic colloids under zero-
gravity conditions and with an external magnetic eld have
shown eld induced chain-formation. It was further shown that
chain aggregation leads to a percolated gel-like structure, which
under annealing resulted in a BCT phase.33 While the inter-
particle interactions in their work are different from those in
the ultraso microgel colloids, their methods for annealing of
the samples are likely transferable to our system.

The eld-induced structural transitions are further quanti-
ed by calculating the pair-correlation functions g(r) (Fig. 5A)
9202 | Soft Matter, 2013, 9, 9199–9207
and the corresponding mean square displacements hDr2(t)i
(Fig. 5B) at feff ¼ 0.07. At E¼ 0, the obtained data are consistent
with a uid-like structure and diffusive dynamics. We expect
that with increasing E, particles will orient along the eld
direction Z to form strings, and hence the structural correlation
will increase along the eld direction and decrease in the
XY-plane.30 The corresponding particle dynamics in a chain
perpendicular to the eld direction is also expected to slow
down as an additional manifestation of string formation. This
behavior can indeed be seen in our calculated g(r) and hDr2(t)i
as a function of increasing E (Fig. 5A and B). With increasing E,
we initially observe a decrease in the degree of spatial correla-
tion as expressed by the peak height gmax of g(r) (Fig. 5C), which
starts to increase again around E ¼ 0.032 Vrms mm�1. The
average interparticle separation as obtained from the position
of the rst peak appears to remain constant up to E¼ 0.032 Vrms

mm�1 (Fig. 5D), and at the same time, hDr2(t)i (Fig. 5B) shows a
decrease in the particle diffusivity at E ¼ 0.032 Vrms mm

�1 as
clear indications of a uid to string transition.

For E > 0.032 Vrms mm
�1, strings aggregate into clusters as

shown in Fig. 5A at E ¼ 0.037 and 0.041 Vrms mm�1. This is
conrmed by the increase in spatial correlation in g(r), which
shows as an increase of the peak height gmax (Fig. 5C). For E >
0.041 Vrms mm

�1, the g(r) now exhibits strong structural corre-
lations indicative of a coexistence of a dilute string phase with a
This journal is ª The Royal Society of Chemistry 2013
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Fig. 5 (A) Pair-correlation function, g(r) (left) and the corresponding 2D confocal image (right) at feff ¼ 0.07 with increasing field strength E (in Vrms mm
�1). (B) Mean

square displacement hDr2(t)i vs. time t (s) at different field strengths. (C) Peak height gmax of the first peak of g(r) as a function of E. (D) Average interparticle separation
as (calculated from the position of the first peak of the g(r)), normalized by the particle diameter s0 in the fully swollen state, vs. E. (E) The slope of the mean square
displacement bL as extracted from ln(hDr2(t)i) vs. ln(t) as a function of E exhibits a decrease from a value close to 1 at zero electric field to a value less than 0.5 at high
fields. gmax shows an upturn and as/s0 and bL exhibit a sharp decrease above a threshold field (E � 0.02 to 0.04 Vrms mm

�1).
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crystalline BCT phase. Moreover at E > 0.032 Vrms mm�1,
microgels in different strings start to overlap signicantly due to
their so-repulsive nature, and hence we see a decrease of the
average interparticle separation as lower than the diameter s0 of
the microgel particle in the swollen state (Fig. 5D). At the same
time, the particle dynamics slow down signicantly and show
signs of arrest as evidenced by the decrease of the slope of
hDr2(t)i (Fig. 5B). The slope bL extracted from ln(hDr2(t)i) vs. ln(t)
This journal is ª The Royal Society of Chemistry 2013
(Fig. 5E) reaches a plateau E > 0.052 Vrms mm
�1. Usually the local

self-diffusion of particles perpendicular to E in a single chain
will have several contributions, translational diffusions from
the overall center of mass diffusion of the string, chain-uctu-
ations as well as local thermal uctuations of the particles in
their potential well.34 Once individual strings assemble into
larger aggregates, chain–chain interactions will additionally
inuence the local particle motions. This becomes evident at
Soft Matter, 2013, 9, 9199–9207 | 9203
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higher eld strengths, E > 0.032 Vrms mm
�1. Due to the limited

time resolution of CLSM, it is difficult to probe the short-time
dynamics, and thus we cannot obtain information about the
different processes. However, a more detailed study of the chain
dynamics using dynamic light scattering is currently in prog-
ress, which allows us to probe particle dynamics over an
extended range of times.

The eld-dependent structural and dynamical quantities
calculated at low values of feff thus provide evidence of char-
acteristic signatures of a uid–string transition, chain-aggre-
gation and nally a gas–BCT phase coexistence. Moreover, it is
interesting to point out that the recent theoretical work of
Brandt et al.,15 where a dipolar uid is modelled by a total
effective pair-potential combining a repulsive Yukawa interac-
tion with an added dipolar attraction, has predicted a structural
signature of a uid–string transition associated with the bifur-
cation of the angular averaged pair-correlation function go(r).
Their go(r) shows a gradually decreased correlation with
increasing dipolar strength when approaching the uid–string
transition. At the string–uid transition, the bifurcation of the
rst peak results in two new correlation lengths characterizing
the longitudinal and transverse order in string uids. Although
a gradual decrease is seen in our experimental 2D radial g(r)
perpendicular to the eld direction, a one to one correspon-
dence cannot be made, as our radial 2D g(r) is not averaged over
angles. However, this theoretical prediction can be veried
through experiments by looking into the angle averaged
Fig. 6 Electric field and temperature driven phase transitions at an intermediate
transition, while an increasing temperature drives a crystal-to-fluid transition. This
number density. Also shown as insets are diffraction patterns obtained from a Four
temperature of T ¼ 20 �C. (B) Field-induced BCT state at E ¼ 0.045 Vrms mm

�1 and T
temperature of T ¼ 36 �C. (D) Magnified image together with the square lattice. (E)

9204 | Soft Matter, 2013, 9, 9199–9207
correlation function along the eld direction at a lower
concentration where the chain–chain interactions can be
avoided.

We can also compare our experimental results at low feff to
those of previous experimental and theoretical studies on hard
sphere and charged colloids in the presence of an external
electric eld.1,3,4,11,13 Previous theoretical studies11 have pre-
dicted that the evolution of structure occurs in two stages. The
particles rst orient along the electric eld to form chains, and
then chains aggregate into dense structures that take the form
of columns aligned along the electric eld. These aggregates of
chains (or columns) lead to a stable BCT state.11 However, in
previous experimental studies3 using hard sphere colloids, two-
dimensional sheet structures have been observed as an inter-
mediate state before the formation of a stable BCT order. This is
in contrast to our experimental observations where we nd a
stable BCT phase at a much lower eld strength compared to
the previous studies,3,4 and without experimental evidence for
an intermediate sheet formation.
3.3 Field-induced phase behavior at feff ¼ 0.66

We next look into the eld-dependent phase behavior of the
microgel suspension at feff ¼ 0.66. At zero eld, the sample
crystallizes. A raw 2D image of the crystalline order is shown in
Fig. 6A at T¼ 20 �C. This zero-eld crystalline state shows all the
characteristic features of a face-centered cubic (FCC) structure
packing fraction feff ¼ 0.66: an increasing electric field drives a crystal-to-crystal
is demonstrated with 2D confocal images taken in bulk suspensions at constant
ier transform of the images. (A) Zero-field FCC crystalline order at feff ¼ 0.66 at a
¼ 20 �C. (C) Fluid state obtained by melting the zero-field FCC crystal phase at a
The corresponding pair-correlation functions g(r) for each state shown in (A)–(C).

This journal is ª The Royal Society of Chemistry 2013
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Fig. 7 (A) Time evolution of the 2D particle trajectories in the XY-plane over 300 frames (¼6 s) at feff ¼ 0.66 after the application of an electric field at E ¼ 0.045 Vrms

mm�1. Also shown is the corresponding structure with the pair correlation function g(r) (B) and the dynamics represented by the mean square displacement hDr2(t)i (C)
calculated in the disordered region at t ¼ 84 s, respectively. In (C), the mean square displacement, hDr2(t)i (red circles) calculated in the disordered region, is compared
with that of hDr2(t)i from a FCC (black open circles) and BCT crystalline state (black filled circles), respectively.
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when looking at the peak positions of the experimentally
determined g(r) (Fig. 6E).

By subjecting this FCC crystal to an electric-eld E ¼ 0.045
Vrms mm

�1, we nd a eld-induced crystal (FCC)–crystal (dipolar
BCT) transition, as shown in Fig. 6B, and a gas–BCT coexistence
at a higher E ¼ 0.071 and 0.088 Vrms mm

�1, as shown in Fig. 4
(top panel). The eld-induced dipolar ordered state is a poly-
crystalline domain with a square symmetry. As can be seen from
the magnied image (Fig. 6D) perpendicular to the eld direc-
tion, the BCT structure can be constructed by placing strings of
particles into two interpenetrating square lattices (a ¼ b),
where the particles in the strings are displaced by c/2 along the
Z-direction. The unit cell spacing in the XY-plane is extracted
from the measured rst peak position of the calculated 2D g(r)
(Fig. 6E) where a ¼ b ¼ ffiffiffiffiffiffiffiffi

3=2
p � 1:22mm. The corresponding

unit cell spacing along the Z-direction is calculated to be
c ¼ 2a

� ffiffiffi
6

p � 0:996mm.
Due to the thermo-responsive nature of themicrogel particle,

this crystalline state can also be melted into a uid state at a
temperature above the LCST, which is demonstrated in Fig. 6C
with the corresponding uid g(r) (Fig. 6E) at T¼ 36 �C. This dual
control – a eld driven crystal-to-crystal transition and a
temperature driven crystal-to-uid transition –not only allows us
to anneal crystal structures through temperature-induced
melting and freezing steps, but opens the door to kinetic studies
of the melting and freezing transitions. Below we report
preliminary results that are indicative of the opportunities
providedby this intermediate region in theE–feffphasediagram.

At feff ¼ 0.66, we follow the transient kinetics of the FCC to
BCT transition by following particle trajectories (in 2D) aer the
This journal is ª The Royal Society of Chemistry 2013
eld is turned on (Fig. 7A). Aer 19 s we see that the zero-eld
crystalline state with hexagonal symmetry starts melting into a
small patch of a disordered region. Aer 84 s, this small
disordered region starts to grow slowly. The disordered region is
highlighted by a rectangular dashed box in the different images
of Fig. 7. Aer 291 s, this disordered region structurally rear-
ranges into a region with square symmetry, which coexists with
the zero-eld crystalline state and a small patch of disordered
particles. The snapshot at 1140 s shows that the structure now is
mostly of square-like symmetry.

The intermediate melting and subsequent re-crystallization
is also demonstrated by quantitative analysis of the structure
and dynamics at an intermediate time t¼ 84 s. The g(r) from the
disordered region is shown in Fig. 7B. A comparison of the
hDr2(t)i calculated in the disordered region (red circles) with
that of the hDr2(t)i in the FCC (black open symbols) and BCT
(black closed symbols) crystalline state conrms that the
disordered region is in a liquid state with a higher diffusivity.

These qualitative observations are further supported by
calculating the distribution of the 2D local bond-order param-
eters35 j6 and j4 through a Voronoi map for both zero-eld
crystalline order at t ¼ 0 s (Fig. 8A), and at times t ¼ 84 and t ¼
1140 seconds (Fig. 8B and C). In the Voronoi map, regions with
j6 > 0.7 are colored red and denote high six-fold symmetry,
while regions with j4 > 0.7 are blue and denote high four-fold
symmetry, and white regions denote particles with both j6 and
j4 below 0.7. For the zero-eld crystalline order at t ¼ 0, the
global |j6| ¼ 0.83, with approximately 83% of the particles
exhibiting strong 6-fold symmetry coexisting with 16% of
regions that are disordered. Disordered regions can arise due to
Soft Matter, 2013, 9, 9199–9207 | 9205
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Fig. 8 Graphical representations of a bond order correlation analysis of the temporal evolution of the structure at feff¼ 0.66 after the application of an electric field at
E¼ 0.045 Vrms mm

�1. Top row: snapshots of CLSM images at t¼ 0 s (A), 84 s (B) and 1140 s (C), respectively. Bottom row: Voronoi map with color coding for bond order
analysis. Color code: red: j6 > 0.7; blue: j4 > 0.7; white: j6 < 0.7 and j4 < 0.7; green: j6 > 0.7 and j4 > 0.7 (rarely or never happens).
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defects, dislocations, lattice distortions or grain boundaries.
The Voronoi map at t ¼ 84 seconds is dominated by relatively
disordered regions (about 66% of the particles). Finally, the
snapshot at t ¼ 1140 seconds (Fig. 8C, with global |j4| ¼ 0.63)
shows that around 33% of the particles have already trans-
formed into regions of high 4-fold symmetry and coexist with
regions of low j4 that are primarily disordered. These prelimi-
nary results conrm that the eld-driven crystal to crystal
transition observed here indeed occurs via a melting or struc-
tural disordering process. While this is apparently very different
from previously studied dipolar hard sphere5 and charged
colloidal systems,36 we must be cautious in our conclusions
because the extent of this transient restructuring is likely to be
sensitively dependent on the direction of the eld with respect
to the FCC crystal c axis. Taking into account the non-unifor-
mities of the internal electric eld due to the presence of the
particles themselves, the electric eld intensity is higher at the
interstitial sites between particles in a chain.37,38 This is believed
to lead to a strengthening of the propensity for close-packed
structures, and might affect the FCC-to-BCT transition
quantitatively.

Crystal to crystal transitions known as martensitic trans-
formations39 are well known in atomic systems. Here the atoms
move cooperatively relative to their neighbors, and this coop-
erative movement gives rise to a new crystal structure. Colloidal
analogues of this diffusionless martensitic transition have also
been found under the inuence of an external electric eld for
hard sphere and charged colloids,3–5 or in a conned geometry36

using charged colloids. In these studies, no intermediate
melting process has been observed. We can currently only
speculate that the different behavior of our ionic microgels
documented in Fig. 7 is due to the ultra-so nature of the
interaction potential between the ionic microgels and its intri-
cate interplay with the added dipolar interactions. Even at zero-
eld, the density-driven theoretical phase diagram of ionic
microgels28 has shown different types of stable crystalline states
accompanied by a re-entrant melting, and this melting
phenomenon does not obey conventional melting criteria as
seen in the case of charged or hard sphere colloids. A detailed
9206 | Soft Matter, 2013, 9, 9199–9207
kinetic study of this eld-induced transformation for different
degrees of soness is thus clearly required.
4 Conclusions

Ionic microgels with their ultraso interaction potential and a
large amount of conned counterions are very attractive model
systems for the investigation of eld-directed self-assembly. Not
only do they allow for a completely tuneable strong anisotropic
contribution to the interaction potential, but their thermores-
ponsive nature provides an additional externally controllable
parameter to reversibly induce phase transitions and anneal the
nal structure and dynamics. Our results also indicate that the
ultraso potential and the ability of the particles to interpene-
trate and deform lead to distinctly different phase transition
scenarios when compared to the previously studied hard
colloids. It is however clear that additional and detailed inves-
tigations of these systems at different degrees of soness are
needed.
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