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Highly monodisperse polystyrene/paNisopropylmethacrylamide) (PS-PNIPMAM) core-shell carajpe microgels were syii-
thesized and further nanoengineered in either ellipspideéted or bowl-shaped particles. Beside their anisgtioghape, tr.C
microgel design enables an exquisite control of the partidnformation, size and interactions from swollen and tghiic
to collapsed and hydrophobic using temperature as an akteontrol variable. The post-processing procedures amdhiar
acterization of the different particles are first presentéteir potential as model systems for the investigationhef éffect~
of anisotropic shape and interactions on the phase behaviorther demonstrated. Finally, the self-assembly of lbslvape '
composite microgel particles is discussed, where the teatyre and an external AC electric field are employed to obt*~
interactions from repulsive to attractive and from softulsjve to dipolar, respectively.

Introduction of adsorbed cells can be controlled with the temperature.

_ ) ) o So far, anisotropic hybrid microgels have been Jic
Anisotropic colloids have recently attracted a growing IN-pared by using anisotropic particles as seeds for .
terest in the soft matter community: Their phase behav- |ater synthesis of a thermoresponsive shell.  Virfd <,
ior and self-assembly have been investigated theorsticall janys "dumbbell4? or hematite and maghemite sp.
and experimentally for rod-liké; ellipsoidal >*?dumbbell-  §jec43-45 are some of the templates reported in the
shaped;®°bowl-shaped,™?!cubic,”?and polyhedral par- atre.  Recently we have shown that polystyrene-pot ;
ticles >>2* However, despite an increasing amount of ap-jsopropylmethacrylamide) (PS-PNIPMAM) composite mi
proaches for synthesizing well-defined non-sphericabaisl |5 can be processed into ellipsoidal particles with aalpie
with a large spectrum of particle shapes in the last decade, aygpect ratios, which greatly enlarges the scope of such nir
tempts to synthesize responsive anisotropic particlestre  cjes as it combines an anisotropic design and the functtgral
sparse. of the shell#647 At the same time, the design of non-sphe ica!

Microgel particles have received considerable attention;g|ioids makes them interesting candidates for self-abem
over the years due to their tunable and responsive nature. processes. Ideally, the key requirement towards compk ¥ 2,
In particular crosslinked poli-isopropylacrylamide) (PNI-  sempled structures with desirable properties implies rateu
PAM) microgels have been established as a versatile mod@lygineering of colloidal particles. In order to qualify a™ >
system where the overall size, softness and hydropholiitity ap|e puilding blocks with anisotropy in shape and interae)
the resulting particles can be controlled through atentpega  {hey need to be highly monodisperse in size and highly uni-
induced volume phase transition. Thus, their conformationform in anisotropy. This was demonstrated in our recenty « ¢
size, effective volume fraction and interaction potentiah  on the dipolar self-assembly of ellipsoidal shaped contp.
be externally controlled and easily adjusted from repelsiv microgels in an alternating field, where for certain asgo.. .

to attractive?*~2° They exhibit a rich phase behavirand fios the particles were found to self-assemble in well-g"..
have proven to be ideal building blocks for complex self-,pular structure4?

assembly?®-32 Stimuli-responsive microgels have found a
broad range of potential applications, such as switchahls-s
lizers for emulsions at oil/water interfac&s®®and lipid mem-
branes®, and also as cell substraf@avhere the detachment

Here, we now report that core-shell composite micrc gel:
consisting of a PS core and a crosslinked PNIPMAM s cil
can be nanoengineered into various shapes such as ellf s¢ .
faceted and bowl-like. The colloidal particles were prepa
= Division of Physical Chermisiry, Department of Chermisiy, Lund Uiversiy by different methods where the initial spherical core—mag'

22100 Lund, Sweden, E_ma“:jerémcrmu s@fkemiluse : crogels were post-processed and reshaped by extendir., uif-

+ Electronic Supplementary Information (ESI) available. Seolp ferent procedures usually applied to post-process eififesr
10.1039/b000000X/ ical polystyrene (PS) or poly(methylmethacrylate) (PMI "
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Spherical core-shell microgels swell the core, freeze it in liquid nitrogen and control its e
PNIPMAM shell traction at ambient pressure and sub-zero temperatureré-ig
A PS core

C 10C).

The reshaping of the microgel particles was confirme 4 o

various techniques, and its effect on their packing pr-,
' ties at high volume fractions was investigated. The t" €
PVA fllm1 B Swelling with styrene responsiveness of the engineered particles is maintases.
Freezing in liquid N, vealed by their swelling behavior measured by dynamic light
o Swelling with dodecane (T>55°C) scattering (DLS). The dimensions and therefore the effe ti
% Phase separation after cooling volume fractionges ¢ of the dispersed particles can be finelv
® adjusted withT as demonstrated for a dense bowl-sh i 2«
@ dispersion. In addition, the overall nature of their intera
% tion potential can be set from repulsive to attractive byyvar
= ing the temperature and ionic strength. This is illustraied
with the thermo-reversible coagulation of the particleBigt
dodecane - L . N
void ionic strength above their volume phase transition tentpe «
(Tvpr). Finally, directed self-assembly of the bowl-she -
particles subjected to an alternating electric field is wkseu
Dodecane removal and highlights the potential of the use of an induced - .uiw
st . interaction as an additional control parameter in compdgf« =
) ) . s yrene evaporation . . . .
Film dissolution and purication at T<0°C assembly processes with anisotropic particles.
Methods
‘ Materials
Faceted core-shell . . o
Ellinsoidal core-shell microgels Bowl-shaed core-shell N-isopropylmethacrylamide (NIPMAM; 97%, Aldric™)
Ipsoidal core-she owl-shaped core-she - . : . v
microgels microgels N,N -methylenebisacrylamide (BIS; 99%, Fluka) monomers.

sodium dodecyl sulfate (SDS; 99%, Fluka), potas.iun
Fig. 1 Schematic illustration of the post-fabrication strategies em-peroxodisulfate (KPS; 99%, Fluka), polyvinyl alcohol (PvA
ployed to engineer anisotropic colloids from composite sphericaB9-98 kDa; 99%; Aldrich) were used as received. Sty rens
PS-PNIPMAM core-shell microgels. (A) Ellipsoidal particles pre- monomers (BASF) were purified on a 283 column prior
pared through uniform deformation of spherical core-shell micro-to use. Water was purified using reverse osmosis (Mil' RO

ety of ellipsoid particles are accessible by controlling the deforma-

tion ratio. (B) Faceted particles prepared by a temperature-controlle
swelling/deswelling of the seed particles in presence of dodecan

droplets in a water/methanol mixture. (C) Bowl-shaped particlesTg) micrographs were obtained on a Philips CM100-Bic 1

formed by swelling the seed particles with a styrene monomer th icroscope operating at 80 kV. All samples were prepared by

are then frozen in liquid nitrogen in order to drive a void formation. . o i . 20
Subsequently, the swelling agent was removed by evaporation aIIOV\PIaCIng 4uL droplets of the 1 wt% dispersions onto the 300

ing macroscopic deformation of the particles and the formation of ad“eSh carbon-coated copper Q”ds atroom temperature_.a fra
aperture. few seconds the excess solution was removed by blottina with

filter paper.

iransmission electron microscopy (TEM)

. . . . ing f i FM
particles?®-51 A schematic diagram summarizing the differ- Scanning force microscopy (SFM)

ent procedures employed is displayed in Figure 1. The spheSFM experiments were performed using a Dimension 31uuivl
ical composite microgels were post-processed by either unimicroscope (Veeco Instruments) equipped with a Nano ¢ . 2
axial mechanical deformation (Figure 1 A), by inducing a lo- software operated in tapping mode at room temperature.i eur
calized temperature-controlled phase separation witleiPlS ~ The samples were prepared by spin-coating at 2 000 rp’ 1, u e
core swollen by dodecane in a methanol-water mixture (Eigur 0.1 wt% dispersions onto freshly cleaned silicon wafers. 7.
1 B) or by chemical deformation involving a series of consec-spring constant of the silicon cantilevers was in the rarf ,c ¢
utive phase transformations where we use a suitable sdlvent 35-92 N.nT1. Scan rates between 0.5-1.0 Hz were used.

2| 1-14 This journal is @ The Royal Society of Chemistry [year]
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Scanning electron microscopy (SEM)

Scanning electron microscopy (SEM) images of gold sput-
tered samples were recorded with a FEI Phenom desktop
SEM. A drop of the colloidal microgel solution (0.1 wt%) was
deposited and dried on the SEM stubs prior the gold sputtered
to minimize charging under the fixed conditions before exam-
ination.

Confocal laser scanning microscopy (CLSM)

inverted mode (D6000I), using a 100x /1.4 NA immersion
objective. The samples were monitoredsitu at different LA
temperatures and an environmental system was employed toE %
ensure the temperature control with an accuracy of@.2 b s
The suspensions (8L) were hermetically sealed between
two cover glasses separated by a 128 spacer with a 51
mm aperture (SecureSeal Imaging). A 543 nm HeNe laser
was used to excite the red fluorescence of Rhodamine B (548g. 2 Spherical particles: PS-PNIPMAM core-shell microgc.c ...
nm). aged in dried state by TEM (A), SEM (B), SFM (C) and in dispersion
by CLSM (D).
Two different electrode geometries were used for the experi
ments with an AC electric field. In the first case, the samples .
were contained between a non-conductive cover slide and $cattering. The DLS measurements were performed at s = t-r
cover slide coated with indium tin oxide (ITO) (SPI Supplies N9 angles of 45, 60 and 73or temperatures between AT
Structure Probe Inc., USA; 30-8D, 18 x 18 mn?) where a and 50C. Each sample was allowed to equnlbr.ate at the de-
1000um sample gap was etched out, which ensures a homaaired temperature for 3_0 min before datg collection. An & 1pa
geneous field within the gap where CLSM experiments werént hydrodynamic radiuBy was determined from the traiis-
performed. Conductive tapes were then used to connect tHational diffusion coefficientDr, via the Stockes-Einstein ' =
ITO-coated cover slips to the electrodes of the power supply2iion D1 = keT/6mmRy, with kg the Boltzmann constant,

A sinusoidal electric field (160 V, 160 kHz) was applied par- (h€ temperature in Kelvim the solvent viscosity. The e o-
allel to the interface, along tha-direction parallel to the im- ution of Dr was determined from the linear dependence o

age plane, and all the observations were made ingmage the decay rat€ vsthe square of the scattering vectpr(l" =

plane. In the second setup the microgel suspension was coP—qu) derive_d from a_first order cumulant analysis of the tic.u
tained between the two conductive sides of ITO-coated mi@utocorrelation function.
croscope cover slips. An AC field of 20 V operating at a fre-
qguency of 160 kHz was applied to the glass sandwich, norm . .

to the plane. This results in a spatially uniform electriddfie ahesults and discussion
in the gap between the electrodes. In the current study,

worked at a constant temperature of 203D reconstructions
of the string-like aggregates were realized using the pogr The first step towards the design of anisotropic responsik : :
ImageSurfer? loids involves the synthesis of the PS-PNIPMAM core-snen
particlesvia a two-step reaction. The core particles \ ere
obtained by emulsion polymerization and further used n: a
second step as seeds for the radical polymerization «f r 2
DLS experiments were carried out using a light scattering gocrosslinked shells (details of the synthesis can be found in
niometer instrument from LS Instruments equipped with a He+ef.*6). The shell can be fluorescently labeled either by aa
Ne laser A = 632.8 nm). The temperature was controlled sorption of the water soluble rhodamine B difegr by adding
with an accuracy of 0°C. The samples were highly diluted a small amount of the polymerizable rhodamine dye d: ...y
to 0.01 wt%, thus preventing interaction effects and midtip the synthesis of the sheil. The initial characterization of t"

Wi . .
gpherlcal core-shell microgels

Dynamic light scattering (DLS)

This journal is © The Royal Society of Chemistry [year] 1-14 |3
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: ;’A\,)’ ‘;‘,’17 3 \ , // 4 Ellipsoidal core-shell microgels

\ /‘ ’/Q"h // /‘ Ellipsoidal particles can be obtained following the appi_a

</I, ‘//// . - ‘ described by Kevilleet al.*® for poly(methyl methacrylat .,
; Q "} [,’ % particles and further extended to polystyrene particlesit,

it ///” / ' ' ’ et al..*? Particles are embedded into a high molecular v_.:..

5\'\/, '- ”’ ," PVA film and then heated above the glass transition tem. »era-

v :\‘;/// </ b ‘ ture, Ty, of the polystyrene core. After the uniaxial stretching

-y retain after cooling belowWy. The reshaped particles can ther
be easily recovered after dissolution of the film. A large-
ety of complex and defined geometries can be accessed if none
applies a multi-directional stretching of the film and diéfat
thermal pathways as shown by Champabal..>3 These poly-
meric prolates were previously investigated extensivebsev

eral studies with respect to their dynamics in BdiR® and a.

an interface3® their organization in an electric fietd>"->8an¢

at high volume fractiong;1%and their application as pickeriiig
agents>® We have recently shown that this method can = ca-
tended to composite core-shell microgels, where the &t~
Fig. 3 Ellipsoidal PS-PNIPMAM core-shell particles obtained from ing conditions determine the aspect ratio of the core, wimc
spherical core-shell particles following the method described by Hahe overall aspect ratio can be further tuned through the the
etal*®: TEM (A,B), SEM (C) and CLSM (D) images. moresponsive shefl® Following the procedure describet i
our former study?® the core-shell particles are embedded . .
a 100 000 gnol~* PVA film. The films are maintained in ..
oven at a temperature of 180, higher than thely of both

non-fluorescent particles was carried out by TEM, SEM and?olymers, for a few min and then stretched at differeri* ==
SFM as shown in Figure 2, which illustrate their sphericity "atios. After cooling down to room temperatures, the pkas
and monodispersity. TEM of the microgels confirms the core-can then be recovered by dissolution of the films in hot w=-
shell structure, where the presence of the shell is indicateer and purified by repeated centrifugation. This allowsa:< t
by the film formation of close packed particles. In addition, tune the aspect ratio up to factor of about 6.5 for a draw ¢ i
TEM reveals an increase of the radius from 2620 nm to  feaching 225%. Figure 3 shows as an example the restiiting
346+ 20 nm after the shell synthesis. Here, we can assum@articles obtained for a draw ratio of 75%.

that these values correspond to a completely collapsed stat The thus obtained ellipsoids maintain their temperatur . r.
of the microgels as a result of the drying process required fosponsiveness as illustrated in Figure 7. For the samplen’>~.
the TEM sample preparation. Both systems are monodisperse Figure 3, the average long)and shortd) axis were deter-
with an average polydispersity below 8% for the core and 6%mined from a TEM analysis of more than 100 particlec Ve -
for the core-shell microgel. The core-shell structure soal ues ofL = 1672+ 258 nm andl = 472+ 57 nm, respectively,
visible in the two-dimensional (2D) CLSM image as depictedwere found, resulting in an average aspect ratio of 3:6286.

in Figure 2 D of a concentrated (22 wt%) dispersion after la-The larger polydispersity of the ellipsoids when compar a t
belling the shell through the adsorption of the water s@ubl the initial core-shell spheres is primarily due to the inipet
rhodamine B dye. The particles were imaged inxia@lane  control of the mechanical stretching process in the overi. Al
at the interface between the cover glass/liquid. As alligag  improved procedure that uses a better regulated stretde i,
are located in the same image plane, the core-shell charagice where the film is homogeneously heated in a silicoin un
ter can be easily evidenced in the form of a dark core with éath has allowed us to significantly decrease the polyd spe
swollen fluorescent corona. Moreover, the local orderitig in  sity of the particlest’ The average dimensions obtained frui
an hexagonal close packing can be also observed. The avestatistical CLSM image analysis of the particles adsork : ¢
age particle radiuR ~ 470 nm was determined from the half the glass/water interface at 2@ arelL = 1839+ 208 nm
distance between the centers of the particles in the cliystal andd = 668+ 68 nm, which results in an average axia' ra-
area, in good agreement with the value for the average hydrdio of 2.79 + 0.475. The difference between the TEM «. .
dynamic radiufky = 479 nm obtained from DLS (see Figure the CLSM results is caused by the fact that the TEM ' ..
7). surement provides dimensions for a fully collapsed ste

N

A(“ P g,‘-z-é_ﬂ'iﬁ‘“ & // %Hﬁ of the films, the particles adopt an ellipsoidal shape wHiet t
i — N

4| 1-14 This journal is @ The Royal Society of Chemistry [year]



Page 5 of 14 Nanoscale

et al.%0 to core-shell composite microgels. In a typical prepa-
ration, a 0.6 mL microgel suspension (2.42 wt%) was heated
under stirring at 400 rpm to 7C€ (1 h) in a water-metha:
mixture (16/84), and in the presence of 0.1 g dodecane i, =
phase separation between the polystyrene and the dode
induced by slowly cooling down the mixture up to25za"
rate of about 4C/min under continuous stirring at 400 rpm for
1h. The suspension was then purified by repeated centrifuca-
tion (3 times at 10 000 rpm) and redispersed in water. Fic
ure 4 illustrates the resulting multi-faceted particlesiofer
interesting aspect, visible from the different microscégsh
niques in the dried state, is the presence of sharp edges at th
surface of the particles (see Figure 4 A-C). The formation o°
well defined facets can be attributed to local confinement er-
fects at the core-shell interface during the spinodal dgx n
sition. As former studies demonstrat®tdthe microgel she..
is not fully attached to the polystyrene core but rather lgix?
some buckling at the core-shell interface, and is expe@ca .
be at the origin of the resulting morphology. The pro  .scd
particles were also imaged in dispersion using CLSM &>~
Fig. 4 Images of faceted PS-PNIPMAM core-shell particles: TEM as displayed in Figure 4 D. The swollen shell can be cicaiiy
(A), SEM (B), SFM (C) and CLSM (D). distinguished from the CLSM images, and the particles still
appear faceted but with much smoother edges than in tiic ui, -d
state. Thus, the extension of this approach to core-she. = .
the shell, whereas CLSM yields the values in suspensien, ticles enlarges the field of accessible morphologies forar .
with a fully swollen PNIPAM shell. This indicates thatthe re gels. Moreover, similarly to the ellipsoidal particles, evt.
sponsive nature of the shell allows us to change not only thehe degree of anisotropy can be altered with the tempa: **:
overall size but also the shape (axial ratio) in a contradied  we expect to be able to control the roundnessapgularity)
completely reversible manner. of the particles, and thus their aelotropic interactiorept.
by changing the conformation of the microgel shell.

Faceted core-shell microgels

) ) ) o Bowl-shaped core-shell microgels
Facetted particles are another interesting class of aofsot

colloids. Here we start from the previously reported methodThe fabrication of hollow or bowl-shaped PS or PMMA pr ti-
to engineer dimple PS latices from simple spherical pasicl cles with controllable holes in their surfaces has beenrtef. ~
by taking advantage of the spinodal decomposition betweeby Im et al.>! The particles were first swollen with a goor
the polystyrene and dodecane in water-methanol mixttftes. solvent (either styrene or toluene), and then quickly fi =
The polystyrene and dodecane become miscible at high tentiquid nitrogen (-196C). As the solvent (toluene or styrene,
peratures where the dodecane swells the polystyrene. Whes solidified, a void is created at the center of the particles
the dispersion is cooled down, the two components phase sefn the next step, the frozen sample is slowly warmed ' p 1\
arate and the dodecane is expelled from the particles in thiet the swollen agent evaporate. The evaporation proces. .va
form of a droplet creating a dimple at the PS/dodecane in€arried out below 0C under a vacuum or at ambient pressuic.
terface (determined by the minimization of the interfatiae ~ Due to the presence of an evaporation flux, a hole appe a1 > :n
energy). By controlling the stirring rates and the initi@h&nt  the shell of each hollow particle. By controlling the evap
composition, the dimple size could be controlled and thereoration conditions (pressure and temperature), theseg ith
fore the shape of the resulting particles could be tuned fronhave demonstrated that the size of the void and aperturce can
slightly truncated spheres up to hemispheres. The same-rocbe finely adjusted. We refer to this work for more detail , ' 1.
dure was further applied to create PS particles where tledfac the transformation mechanism. Interestingly, the existem
were specifically functionalized to direct the spontanemsts an aperture at the surface of the particles could be emf oy d
sociation of the particles into dumbbells or trimers thrdoug to encapsulate functional species such as proteins or iy, ~
hydrophobic interaction8?. nanoparticles.

We subsequently adapted the procedure reported by TanakaHere, a similar approach is applied to the spherical -

This journal is © The Royal Society of Chemistry [year] 1-14 |5
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Fig. 5 Images of bowl-shaped PS-PNIPMAM composite microgels: TEM (A$BM (C) and CLSM (D). 3D CLSM projection 6. >~
bowl-shaped particles which was reconstructed from confocal k-Bteages on a volume of 2.93 X 2.93 X 3.56n° (E).

shell microgel particles. In the first step, purified styréd®  Figure 5 D, E). Here post-processed covalently labeic: -
mL) was used as a swelling agent and added to 4 mL 1.2 wt%rescent particles were investigated. These particles L
core-shell latex dispersion in MilliQ water. The mixturesva similar shape as the unlabeled ones as confirmed by TE" . 2 °d
then homogenized for 1 h under continueous stirring at 30@CLSM. CLSM images performed at 20 indicate that the fl.
rpm. Next, the dispersion was added dropwise into a 2 Lorescent PNIPMAM shell is surrounding the entire PS ~*~
beaker filled with liquid nitrogen. After the addition of par The core-shell character is reflected by the presence ofk> ~'~r
ticles, the suspension was kept in the freezer’@0dor 48 h.  areain the center of the particles. The statistical amabfdthe.

In the last step, the frozen sample was brought back to rooftLSM micrographs yields an overall radiug; = 497 + 16
temperature and maintained here until the drops become ligam, which is larger than the one determined from TEM ar
uid again. Subsequently, we added 10 mL of water to fullydemonstrates that the particles are swollen. In additier th
recover the system. The final product was then purified by rebowl-shaped conformation is maintained in the swollere tat
peated centrifugation and washed with deionized wateraeve which is supported by the 3D reconstruction presented in Fia
times. ure 5 E. This suggests that the particle geometry can besi rth

Figure 5 shows typical examples of the prepared bowl-2djusted with the temperature by controlling the swellifig o

shaped core-shell microgels by TEM, SEM and CLSM imag-the shell.

ing. The TEM analysis (see Figure 5 A, B) confirms that

all the particles are opened gnd'rather monodisperse in _Si_z@ffect of anisotropy on the packing of particles in dense
and shape. The transformation into bowl-shape is also Visisyspensions

ble from particles pointing perpendicularly to the imagarpl

that exhibit a lighter area in their center, in contrast te th The different anisotropic particles described above Weee
original spherical particles shown in Figure 1 A. Their bowl used to investigate the effect of shape on the packing al n a.‘-
shaped character is also clearly visible from the SEM microimum density. The samples were first centrifuged for 10 mu
graph shown in Figure 5 C. An overall radius of 33126  at 10 000 rpm, then the supernatant was removed and t' e a 3-
nm was derived from TEM, which is larger than the radius ofpersions were sonicated for 30 min in an ice bath. Fiyuie
the initial spherical particles. The average wall thiciwes 6 shows CLSM micrographs taken at abouuh from the
134+ 28 nm was also estimated from TEM by analyzing thecover glass/water interface for the ellipsoidal (A), fack(B)
particles pointing perpendicularly to the image plan, and a and bowl-shaped (C) particles after about 2 hours equi .ore
average aperture radius of 3#35 nm was obtained from tion at 20C. Monodisperse ellipsoids with an aspect ratic _.
the SEM micrographs. The bowl-shaped microgels were im2.79 are expected to first exhibit a nematic phase at intér ..c.
aged in dispersion by CLSM at the water/glass interface (seate volume fraction followed by a simple monoclinic phac

6 | 1-14 This journal is @ The Royal Society of Chemistry [year]
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Fig. 6 CLSM micrographs of jammed dispersions of ellipsoidal (A), facetedaf®l bowl-shaped (C) nanoengineered composite mic. ., .3
imaged at 20C at about 3um from the cover slide.

higher densitie$?52 Our ellipsoids, however, only exhibit a c 1
local nematic order, similarly to what could be observedrfro 500
the SEM analysis of a dried dispersion (see Figure 3 C), which S m 1
is probably due to the relatively high polydispersity of pae- I
ticles and the possible existence of an intervening glass tr
sition.*-63

ce
N
|

450 | ¥ v

The faceted particles densely pack by maximizing their
contact to their neighbours through the alignment of their
facets. It is interesting to note that the irregular faagtifithe
particles leads to the formation of larger voids (or defeicts
the jammed dispersion. This observation is similar to tte=ca I
of granular materials such as sand when the roundness of the 300 L~ - - -
grains decreases. This indicates that responsive ansotro 20 30 40 50
particles where both anisotropy or eccentricity and angwla TEC]
can be tuned through a combination of initial processing
conditions (stretching methods combined with subsequentig. 7 apparent hydrodynamic radit®, of different shaped coi -
transformations) and temperature response could be used &sell microgel particles as determined by DLS: spherical (blue fille
interesting model systems for studies of packing and jargmin circles), faceted (red filled squares), bowled (green up triang" -,
in granular material§* ellipsoidal (black down triangles).

400 ° ]

kyT/6mD_. [nm]
<
[ ]

350 T

Dense suspensions of bowl-shaped particles were found to
locally stack, thus forming interconnected worm-like stru
tures. This effect is similar to what has been observed iaroth
experimental and simulation studi&sIn these former exper-
iments on hard and widely opened bowl-shaped particleg, lon
stacks of particles were observed after slow sedimentafibn
the simulation level, for sufficiently deep bowls a columnardeep and with a rounded rim, the softness of the potentidi, an
phase is expected to be thermodynamically stable, wheredse the fact that the high density is achieved through a der
for less deep bowls a more complex phase diagram was preration procedure that may not allow the particles to esthuii
dicted. In comparison, our bowl-shaped composite micsogel equilibrium properly. We believe that the combination oé r
exhibit weaker and more local order with a high density ofsponsive shape and a soft potential will require addititimeu
junctions. We believe that this can be attributed to theipart oretical and simulation work to establish the underlyingg .
ular particle shape with an aperture that is significantgsle behaviour.

This journal is © The Royal Society of Chemistry [year] 1-14 |7
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Exploring the thermosensitivity of the anisotropic-shapel
composite microgels

=
N
o
o
(@]

9

In contrast to the previously reported PS or PMMA particles,
the crosslinked PNIPMAM shell of our particles allows to ac-
tively change their softness, hydrophobicity and size téth-
perature. The thermoresponsive behavior of the anisatropi
colloids was first investigated by DLS. Figure 7 displays the
evolution of the apparent hydrodynamic radiys. The DLS

data reveals that the thermosensitivity of the sphericatise
microgels is maintained when post-processing the pasticle
Figure 7 shows that as the temperature is increased, all re-
shaped colloidal particles exhibit a volume phase traomsiti
VPT, and are well-dispersed. AboVgpr, the microgels un-
dergo a collapse transition and their hydrophobicity isragty
altered. The VPT occurs at 42 for the spherical seed micro-
gels, which shifts to a lower value of 38 for the ellipsoidal
particles, and to a higher of 46 for the faceted particles. The
bowled-shaped particles display the VPT arountClXimi-

lar to the spherical seed particles. The shift of the VPT of
the ellipsoidal particles to a lower temperature was aitet m
to the stretching process which may have reduced the sgellin
of the particles, similar to that observed in a conventi@tes-
tomeric network as discussed in a previous sttfijhe esti-
mated swelling ratio defined &8y (20°C)/Ry (50°C))3 var-

ied from 2.6 for the spherical seed core-shell particles.6o 1 ot 2 s
(faceted), 2.3 (ellipsoidal) and 2.7 (bowled), respetyivEhe

volume phase transition behavior of the particles is thédyma Fig. 8 Temperature dependent structural properties of a dense flto-
reversible. rescently labeled bowl-shaped composite microgel dispersipr
1.54um~3). CLSM micrographs taken at 2G (A), 25°C (C), 30C

In the following the thermoresponsiveness of the nanoengle)’ 38C (G) and 45C (1), together with their corresponding 2D [

neered composite mi(_:rogels is further illustrated by Ioglét correlation functions, R g(r)s (20°C (B), 25°C (D), 30°C (F), 38C
the structural properties of a dense bowl-shaped partiste d () and 45¢C (), see text and Video S1 for more details).
persion obtained by centrifugation in pure MilliQ water. eTh

particles were visualized by CLSM, however, the turbidity o
the concentrated sample arising from the refractive indisx m of the particles. Interestingly, the second peak exhiltitae
match only allows for a clear localization of the particlgs u splitting similar to what can be observed for dense sphieri~
to about 1Qum from the cover glass. Figures 8 (A, C, E, G, I) microgel dispersions in a glassy st&f® An analysis of tl -
show typical micrographs of dispersions at different tempe center of mass positions with time shows that the system is .
atures, recorded at a sample position after the first addorbejeed in a glassy state where the individual particles cay onl
layer. A particle number density, ~ 1.54um~3 was esti-  undergo local motion and where their trajectories are cer .
mated from the evaluation of three consecutive planes.gJsinto cages formed by their neighbours. As shown in vides o1
an effective single particle volume ¥ ~ 0.7678(4/3)mR%  in the supporting information, the anisotropic particl@sa
pm? determined from the CLSM micrographs as described inallows us to visualise the rotation of the particles, and e : »
the supplementary materials (see Fig. S2), we can estimate @hat individual particles are confined to their cages anchr.a,
effective volume fractiom = npVp ~ 0.61 at 20C. tain a given orientation for some time, but then stochaliy .a
The D pair correlation functions @ — g(r)s) determined  flip their orientation.
at different temperatures (Figure 8 (B, D, F, H, J)) show that The dispersion structure shown in Figure 8 A differs{ ¢ n
the particle positions are strongly correlated. At@@he par- the denser suspension in Figure 6 C, which showed sinull
ticles were found to exhibit significant liquid-like ordeittva  chains of stacked particles. This is confirmed by a mor : ac -
local hexagonal arrangement. The amplitude of the first peakailed analysis of the local particle arrangement that vwes -
in the D — g(r) wasgm = 3.02 and its position,, =0.988um  formed for three consecutive stacks as shown in Figt < <.
at 20C, which is comparable to the hydrodynamic diameterHere, we first analyse the center of mass positions ar " " 2

9(r)

9(r)
® e
- 1ot

o)
g

g(r)
N ~ w
Rl

8 | 1-14 This journal is @ The Royal Society of Chemistry [year]
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Fig. 9 A) 2D CLSM micrographs of three consecutive planes in a dense haplesision measured at 20 (see Figure 7A). The first ple: ~
corresponds to the first layer in bulk after the adsorbed layer. B) Mamalysis of the position of the individual particles in the focal pl~-1e
where particles are represented by sphergsnilin diameter) inscribing the bowl-shaped composite microgels. C) Analysie projecte 1
orientation of the particles in the plane defined by the director normal to #rtua@. The orientation is supported by the color code with tne
white color referring to particles pointing in the z-direction.

packing density by considering spheres inscribing theviddi  particles become smaller with increasing temperatureue,
ual particles. Figure 9 B illustrates the presence of a large), resulting in a decrease gf, to 1.86 and ofr;, to 0.89"
number of overlaps between the circumscribing spheres. Thium at 45C. From 20 to 38C the dispersions wereina gie. =’
indicates that individual bowl-shaped particles will eripe state with an arrested center of mass diffusion where the par
ence restrictions on their orientation and provides a reémo  ticles were found to rattle within the cage formed by the pthe
the absence of continuous rotational motion. The oriestiati particles. However, at higher temperatures, as the padiz
of individual particles is temporarily blocked due to pauki decreases, the local dynamics speeds up and the particles ro
constraints and can only change when a stochastic cage rieate more homogeneously. This demonstrates the poteagal i1
arrangement allows for a flipping motion. However, a closerof the thermoresponsive composite microgels with a tur 3¢ b
look at their projected orientation in the image plane define size and shape to explore the effects of shape anisotrony on
by the vector normal to the aperture (Figure 9 C) shows thathe phase diagram and the related local dynamics. In | artic -
their orientation appears relatively random and no clei@ner ular the fact that we can monitor not only the position of tha
tational correlation typical for stacked chains or liquiysz  center of mass of the particles but also their orientatict  n
talline structures exists. rotational motion provides us with an interesting tool toko
] ) ] ) . at various arrest scenarios where we can distinguish be we:

The 2D pair correlation functions determined at different glass formation and jamming, and determine the onset ot uri-
temperatures (Figure 8 (B, D, F, H, J)) directly reflect thegntational correlations.
temperature-responsive size and shape of the particles. Th

This journal is © The Royal Society of Chemistry [year] 1-14 |9
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Fig. 10 CLSM micrographs of the fractal aggregates formed after quenchimgwl-shaped composite microgel dispersion (0.16 wt% = *
M KCI) from 20°C to 50°C (see supporting information video 2 for the aggregation proces®.mitrographs, obtained from the maxi.nal
intensity projection of 2D images corresponding to a stack volume of 26 8883 X 8.04um?3 (A), 15.50 X 15.50 X 7.3qum?3 (B) and 7.75

X 7.75 X 5.18um?3 (C), evidence the random orientation of the particles within the aggregates.

It is well-known that composite microgel particles can be- polystyrene particle$! composite dumbbellé? and spheric='
come attractive at higher temperatures if the electrastati  PNIPAM ionic microgels’374respectively. Recently, the ~c
teractions are sufficiently screen&?®*5Therefore, notonly  field-induced self-assembly was investigated for sphksicd
the size but also the interaction potential can be effigientl ellipsoidal composite microgefs, and we therefore refc, .o
adjusted with temperature. This is shown for a bowl-shapedhis work for more details concerning the polarization ne -
particle dispersion prepared at high ionic strength (0.1%w nism.

0.1 M KCI). Below 40C the suspension is stable, but a fur- Figure 11 disp|ays typ|ca| structures formed by be. .
ther increase of the temperature leads to the destatmiisafi Shaped Composite microge|s inalwt% dispersion inth y-
the suspension and to the formation of large branched aggrence of an AC electric field at 2G. At the beginning of ear".
gates. When the temperature is decreased back to beld® 40 experiment when the electric field is off, the bowl parti- ‘o~
the particles redisperse, confirming the reversibilityhefpro-  are randomly oriented in a fluid state. Dipolar chains fr-m
cess. The coagulation was monitored during the quenching Gfhen the induced dipolar attraction between the partic >
the suspension to 5C (see supporting information video S2). sufficiently strong to overcome the thermal enekg§f. The

The particles were found to first form smaller linear aggre-particles in a string have a preferred orientation wheredti =
gates which further interconnect to build up larger bradche rector normal to the aperture is perpendicular to the agnlie
quickly sedimenting aggregates (see Figure 10). The f&rtic field, and are able to rotate around the string axis (see <’ -
orientation within the aggregates appears random (see€~iguporting video S3 and Figure 11 A-B). As the particles are n~*
10). It is interesting to note that at an ionic strength of 10 density matched, the strings were found to quickly se «ni nt
M KCl the particles are stable over the full temperature 8ang and concentrate at the bottom of the preparation were u..y
A similar observation could be made with the other nanoengiformed a dense string fluid (see Figure 11 C and supporting
neered composite microgels, thus demonstrating thatitheir information video S4 and S5). In this state, the particleBir .c
teraction potential can be efficiently tuned from repuldive  tain their ability to rotate and were found to self-organia.
attractive by properly adjusting both the ionic strengtd #te  the image plane into well-ordered slightly distorted hetuy
temperature. arrays. This could be evidenced by the time-average F .« \..-r
transform analysis of the string fluid imaged in #yeplan (sec
Figure 11 D). A more detailed analysis including the anz ysi
of the corresponding2 g(r)s is available in the supportir.,

To further explore the use of the reshaped composite mitsogeinformation.

as building blocks for supracolloidal structures, we itiggge The same experiment was repeated, this time with the clec-
the field-assisted assembly of the bowl-shaped particlagin tric field oriented normal to the imaging plane (along t' e .
alternating (AC) electric field. Previous studies have smow direction in the CLSM image-plane). Figure 11 E shows —_
that AC fields can be used to manipulate the assembly of Janshapshots from image planes (xy) perpendicular to the ..c.d
sphere§”-68 and rods®® ellipsoidal®” spheroidal® and bowl  direction, obtained at a field strength of 167 kV/m and & *

Field-directed self-assembly

10 | 1-14 This journal is @ The Royal Society of Chemistry [year]
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Fig. 11 CLSM micrographs of the self-assembled bowl-shaped composite geisr{il wt%) in an AC electric field recorded at®Zd (A-D)
Experiments performed with the field applied in thdirection at a field strengthg = 160 kV/m and a frequency = 100 kHz. (A-B) 2I
micrographs of the string formation along the field consisting of rotating4stvaped particles with their aperture pointing perpendicularly o
the field (see supporting materials video S2). (C) Dense particle stringfdiuited at bottom of the sample after sedimentation of the 5 ys
(see supporting materials video 3). (D) Time-averaged FFT analy$ieafense string fluid shown in (C) evidencing the organization . .
particles in slightly deformed hexagonal arrays. (E-H) Experimentepeed with the field applied in the z-direction at a field strength = -
167 kV/m and a frequency f = 160 kHz. (E) 2D images of coexisting B@d tbular particle strings. (F-H) 3D CLSM reconstructions »f
particle strings from 2D images in a z-stack (4.4 X 4.4 X Ar#3) (see supporting video S5). All structures formed are fully reversisi

the colloidal dispersions relax to their initial fluid-like disordered state aftefigid is turned off.

guency of 160 kHz. Long strings formed that span the fullcles. It is interesting to note that the spherical partigles

gap between the two electrodes, thus preventing their sedfound to arrange in a BCT structure, whereas the more eiun-
mentation. After a few minutes, we observed a structurattra gated ellipsoidal composite microgels at certain aspdirt~ .
sition from a string fluid to a crystal with a body-centered formed well-defined tubular structures as shown inour,c = n
tetragonal (BCT)-like structure, coexisting with tubudggre-  study?’ As the bowl-shaped particles are slightly anisotropic ,
gates (see Figure 11 E). The ordered colloidal domains werthese first observations indicate that field-directed wtse|f-
reconstructed from confocal z-stack images (Figure 11 F-Hassembly may not be limited to ellipsoids but could as w 3!
and Video S6). To the best of our knowledge, 3D colloidaloccur when more complex anisotropic colloids are pel=rizad
crystals or tubes have not previously been reported for-fieldin an AC field.

assisted assemblies of similar systems such as bowl gsrticl

or particles with spherical caviti€$:” The assembly process .

is fully reversible,i.e., the colloidal dispersion relaxes to its Conclusion

initial fluid-like disordered state when the field is turneftl o

and tubes and crystals reform when the AC electric field is' 'S Study has demonstrated that we can successful y 2. -
re-applied. The swollen microgel shell is likely respoiesib tended post-processing methods developed for polystyre.ie

for the fast redispersion process as it ensures the sterc StpoIy(rrethylmethha}cryla;te) Ie}nces to responsive Cr? mpD.SI'IT ..
bilization of the particles and exhibits much lower van der CrO9E'S. Stretching, faceting or opening up the origireey

Waals interactions compared to polystyrene or silica partj SPherical particles enables us to control the eccentriait
gularity and shape of the resulting particles. The fact the

This journal is © The Royal Society of Chemistry [year] 1-14 |11
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outer microgel shell retains its thermoresponsive natftex a
post-processing results in a number of highly promising fea
tures. Temperature can be used to external control and ehang®
the eccentricity, angularity and shape of the particlesrevio
over, this also has consequences for the resulting interact g
potential as temperature can be used to adjust the softness
of the shell and induce an attraction above the volume phase
transition temperature. This provides us with new oppastun 10
ties to investigate the role of shape and interaction artipgt

on the phase diagram of complex colloids. Combined with
an external field we have already seen that new self-assembly
patterns emerge, and having a library of particles with tunei4
able size, shape and interaction potential will allow usxo e 15
plore analogies between biological self-assembly prasess
and those present in complex synthetic colloids. Dynami-i
cal arrest in dense particle suspensions is another prognisi
area where these particles provide new insight. In particuig
lar the bowl shaped particles where we can monitor not onlyL9
the center of mass position and motion but also orientation
and rotational motion offer exciting insight into localste 20
ture and dynamics. While microgels have already been useg,
to explore different arrest scenarios such as glass foomati
and jamming’® bowl-shaped particles now further enlarge the 22
scope for future studies to tuneable anisotropic partitias
allow us to resolve orientational dynamics and thus diyectl 23
determine the existence of a jamming transition. 24
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