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3D visualization reveals the cooling rate dependent
crystallization near a wall in dense microgel systems

o |
> ' -
— = o —
— & ~F T
< —- 2
B S —— <2
= e L
= 7
— Ji — /
e g )”/7\
T~
7



¥® ROYAL SOCIETY
PP OF CHEMISTRY

Soft Matter

View Article Online

View Journal | View Issue

3D visualization reveals the cooling rate
dependent crystallization near a wall in dense
microgel systemsy
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Controlled crystallization, melting and vitrification are important fundamental processes in nature and
technology. However, the microscopic details of these fundamental phenomena still lack understanding,
in particular how the cooling rate and presence of a wall influence the crystal nucleation and glass
formation. Thermoresponsive microgels provide the possibility to study phase transitions at the single-
particle level, owing to the ability to tune the particle size with temperature. In this study, we employ
composite microgels consisting of a hard core and a crosslinked poly(N-isopropyl acrylamide-co-
methacrylic acid) shell to study the crystallization of dense suspensions of soft colloids near a wall using
confocal microscopy. We investigate the effect of the cooling rate on the fluid-to-solid transition close
to the sample wall. The structures formed during cooling range from glassy in the case of a rapid
temperature quench to crystalline when a slow cooling rate is used. Detailed analysis of the final
structure reveals that the cooling rate also sets the degree of alignment of the crystal domains with the
wall as a result of a balance between homogeneous and heterogeneous crystal nucleation. The results
insight into the microscopic details of temperature-controlled
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presented here yield valuable
crystallization near a wall. This understanding will help pave the way towards optimal crystallization
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1 Introduction

Microgels are soft and deformable colloidal particles consisting
of a polymer network swollen by a liquid. On the one hand,
microgels behave similarly to hard-like monodisperse colloids,
as they are able to crystallize when dispersed at a sufficiently
high particle density." On the other hand, microgels exhibit
macromolecule-like properties that are of particular impor-
tance in dense systems, for instance deformation, compression,
and interpenetration/entanglement of dangling chains.*™®
Additionally, microgels exhibit responsiveness to external con-
ditions such as temperature, pH and ionic strength that can be
tuned via their chemical composition and crosslink-density.’

“ Department of Applied Physics and Science Education, Eindhoven University of
Technology, Groene Loper 19, 5612 AP Eindhoven, The Netherlands.
E-mail: j.m.meijjer@tue.nl
b mstitute for Complex Molecular Systems, Eindhoven University of Technology,
Groene Loper 19, 5612 AP Eindhoven, The Netherlands
i Electronic supplementary information (ESI) available: Details on the microgel
synthesis and characterization, determination of the melting point of the
suspension, and additional figures about the temperature-controlled experiments
and subsequent analysis are presented. See DOI: https://doi.org/10.1039/
d4smo00517a

This journal is © The Royal Society of Chemistry 2024

conditions for microgel applications.

For this reason, responsive microgels have played a key role as
an intriguing model system for studying the phase behavior of
dense systems of soft colloids."®

The most widely investigated microgels are those prepared
from poly(N-isopropyl acrylamide) (PNIPAM).>'"'> PNIPAM
exhibits a lower critical solution temperature (LCST) in water
above which its solubility sharply decreases, resulting in a
temperature-controlled size change of microgels prepared from
PNIPAM. At low temperatures, PNIPAM microgels are swollen
with water, while the microgels collapse when the suspension is
heated above the LCST. For PNIPAM microgels this volume
phase transition can be up to 90% in volume'* and is typically
around 32 °C (the volume phase transition temperature, or
VPTT). Due to this size-tunability, the volume fraction of
PNIPAM microgel suspensions can be controlled via tempera-
ture, which allows a reversible transition between a fluid phase
at low volume fractions (high temperature) and a solid phase at
high volume fractions (low temperature). Composite microgels
with a hard core-PNIPAM shell morphology are of particular
interest for studying dense systems, as the presence of small
cores can increase the contrast in scattering experiments,'*'*
or help in distinguishing microgels in confocal microscopy
experiments.”>'® As a result PNIPAM microgels have been a
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Fig.1 Schematic representation of the non-responsive core — PNIPAM
shell microgels used in this work. Depending on the cooling rate, the
microgels can form a dense crystalline or glassy structure. Due to their
surface active nature, a layer of adsorbed microgels is present on the
substrate wall.

popular tool in experimental studies on crystallization,"”™°

melting,>**" and glass transition.??

For dense PNIPAM microgel suspensions it is well known that,
similar to molecular liquids and metals, the temperature change
influences the final state that forms, leading to either crystals or
glassy structures (Fig. 1). For metals, control over the exact cooling
rate has been shown to tune the degree of homogeneous versus
heterogeneous crystal nucleation.”®** However, for PNIPAM
microgels so far the influence of the exact cooling rate on the
crystallization process has received only limited attention, in
contrast to fixed temperature experiments.>'”*®?* In a recent
study Lapkin et al®® employed small-angle X-ray scattering to
study the crystallization and melting of dense PNIPAM suspen-
sions. The authors showed that for a slow cooling rate a large
single crystal domain formed. During the formation of the crystal
domain different types of stacking disorders were found to
develop at different rates. In addition, upon heating the crystal
domain ‘inhomogenous’ melting was observed indicating the
presence of structural heterogeneity within the crystal domain.
However, the exact structural differences and the influence of the
cooling rate on these differences were not clear.

The most likely cause of these structural differences in the
dense PNIPAM microgel system is the presence of the sample
chamber wall. A substrate wall is known to have an important
effect on the crystal structures formed by colloidal particles.>”"*®
For instance, the presence of a wall has been shown in hard
sphere colloids to lower the barrier for crystal nucleation®® and
cause the alignment of hexagonally-packed planes.>* ' In
addition, the structural features of a wall, such as curvature,*>
topography®® and shear effects,** also play an important role.
By patterning the wall, it was shown that the wall can even act
as a template to control the structure and orientation of the
crystal (colloidal epitaxy).’>*® In experiments with PNIPAM
microgels, due to their surface active nature,” the glass wall
of a sample cell is usually covered by a disordered layer of
strongly adsorbed microgels. Clearly, wall effects can often not
be neglected when studying phase transitions with experi-
ments. So far, however, the influence of the sample wall, and
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in particular combined with cooling rate effects, on the crystal-
lization of microgels remains elusive.

In this work, we investigate the crystallization near a wall in a
dense microgel suspension using various rates of continuous
cooling with temperature-controlled confocal laser scanning
microscopy (CLSM) experiments. To image and locate the indi-
vidual microgels even in a very dense system, we employed
composite microgels that contain a fluorescent, non-responsive
core and a non-fluorescent, thermoresponsive PNIPAM shell.*®
Fast and precise control over the temperature was achieved by
using a temperature-controllable VAHEAT substrate,”” allowing
us to apply different cooling rates. We find that the system forms
solid phases ranging from those with a high degree of crystal-
linity to glass-like phases. We further find that the wall influ-
ences the crystal orientation depending on the cooling rate
applied. The results presented here provide detailed information
at the single-particle level about the effect of the cooling rate on
the ordering in PNIPAM microgel suspensions, and underline
the importance of wall-effects on the final crystal structure.

2 Experimental methods
2.1 Synthesis and characterization of PNIPAM microgels

Thermoresponsive microgels consisting of poly(2,2,2-trifluoro-
ethyl methacrylate) cores and PNIPAM shells were synthesized
according to the procedure by Appel et al.'® The non-responsive
cores have a hydrodynamic diameter dy; = 0.192 £ 0.002 pm and
contain pyrromethene 546 (BODIPY) dye to allow fluorescence
imaging. The PNIPAM shell contains 1.0 mol% crosslinker
(N,N’-methylenebisacrylamide) and 6.9 mol% methacrylic acid.
Details about the synthesis can be found in Section S1 of the ESL
The microgels have a hydrodynamic diameter of dy(20 °C) =
1.04 £ 0.02 pm in the swollen state (measured in 10 mM NacCl);
see also the ESIL{ Fig. S1 for a complete overview of the DLS
results. A microgel suspension with a concentration of 7 wt% in
water at 10 mM NaCl was used for all experiments, which
corresponds to a number density of po = 2.5 um > as determined
by CLSM by counting microgels within a given volume. Due to the
ability of microgels to deform and deswell at high densities, it is
problematic to determine the true volume fraction of a suspen-
sion. Instead, we estimate the effective volume fraction from dy

(measured under dilute conditions) via ¢ = pogdH3 and find for

the temperature range used in our experiments a decrease from
Oere(20 °C) = 1.46 t0 Pes(28 °C) = 1.27. Note that ¢ > 1 indicates
a substantial amount of interpenetration, isotropic deswelling or
faceting of the microgels.

2.2 CLSM experiments

Temperature-controlled CLSM experiments were performed
using a Nikon A1R HD25 microscope equipped with a 100x
oil immersion objective (Nikon CFI Plan Apo VC, NA = 1.4), a
488 nm laser and a GaAsP PMT detector. The sample tempera-
ture was controlled using a VAHEAT (Interherence) controller.
Sample cells were prepared by gluing a glass ring (5 mm inner
diameter) to a VAHEAT substrate. On top of the ring, a coverslip

This journal is © The Royal Society of Chemistry 2024
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with two holes was glued, through which the cell was filled with
the microgel suspension. The sample cell was sealed air-tight
with a second coverslip that was glued on top to cover the holes.
More details about the sample cell can be found in Section S2 of
the ESL.T

The sample was cooled from 28.0 to 20.0 °C using rates of
0.1 °C min~" and 0.5 °C min~ ", and by reducing the tempera-
ture in a single step (i.e. a rapid temperature quench), all
repeated three times. Before each cooling ramp, the sample
was kept at 28 °C for 60 s for temperature equilibration. CLSM
xyzt-scans were obtained using a voxel size of 0.063 x 0.063 X
0.100 pm and an image size of 1024 x 1024 x 161 (acquisition
time is approximately 80 s) above the coverslip for a total of 2 h
after the start of the cooling ramps. Axial distances were cor-
rected for the refractive index mismatch between water and the
immersion 0il.*® The final volume near the coverslip that is
investigated is approximately 64 x 64 x 10 pm, containing
around 10°> microgels. All xyzt-scans were deconvolved using
NIS-elements AR software before analysis.

2.3 Particle tracking and structural analysis

Particle tracking was performed using Trackpy®® based on the
Crocker-Grier centroid finding algorithm.*® Only microgels in a
crystal or glassy state are located accurately as microgels in the
fluid phase (i.e. at higher temperatures) typically move too
fast for 3D imaging. Structural analysis was performed using
Freud,"' OVITO,"” and in-house Python scripts.

3 Results and discussion
3.1 Phase behavior and structure at the wall

The dense microgel system investigated in this work consists
of a suspension of weakly crosslinked PNIPAM microgels
(1.0 mol% crosslinker and 6.9 mol% methacrylic acid) with a
fluorescent core'® that is in contact with a horizontal,
temperature-controlled wall, ie. a VAHEAT substrate. The
swelling ratio, which is a simple quantification of the softness,
is Sp = du(20 °C)/dyx(40 °C) = 2.3 £ 0.1, and is in agreement with
swelling ratios of microgels with a similar crosslink-density
reported in the literature.*>** The microgels are densely packed
(¢e(20 °C) = 1.46), and the suspension is in an arrested state at
20 °C. Heating the suspension to 28 °C results in a transition to
a fluid state (see the ESI, T Section S3), even though the effective
volume fraction ¢.g remains high (¢g(28 °C) = 1.27). It should
be noted here, however, that microgels respond to overcrowd-
ing, for example by deswelling,”” resulting in a true volume
fraction much lower than ¢.g, but which is experimentally
difficult to determine. For instance, in overcrowded microgel
suspensions, the dangling chains in the fuzzy corona are
compressed.®” Since the crosslink-density is low and all micro-
gels in the suspension have the same size and softness, we
further expect that in our system the interpenetration of
dangling chains of neighboring microgels is dominant over
isotropic deswelling at ¢.(20 °C) = 1.46.%7*% At this ¢, slight
faceting of the microgels may also be present.®”*® At 20 °C,

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 Deconvolved CLSM images of the dense microgel suspension at
20 °C; (a) a crystalline structure and (b) a glassy structure (slices of 3D stack).
Note that only the cores are visible. Scale bars are 2 um. (c) Reconstructed
intensity of 3D CLSM stack with dimensions of 9.4 x 9.4 x 4.5 ym.

depending on the cooling rate applied to the sample from the
fluid phase, the microgels assemble in either a crystalline or a
glassy structure. Typical CLSM images of the crystal and glass
phases are shown in Fig. 2(a) and (b), respectively. In addition,
a 3D rendering of the fluorescent cores in a part of the xyzt-scan
is shown in Fig. 2(c). These CLSM images confirm that each
microgel core position can be visualized with high accuracy
allowing the detection of the microgels during the phase
transitions, even when the effective volume fraction is in a
regime where the interpenetration and deformation of the
microgels typically plays a role.

It is well known that PNIPAM microgels display surfactant-
like behavior® which results in strong adsorption onto
Indeed, we find that the horizontal glass coverslip
in the system considered here is covered with immobile micro-
gels with no long-range order. We also note that the microgels
remain irreversibly stuck to the coverslip during all experi-
ments and the temperature range (20-28 °C) used in this work.
To confirm the absence of order, we determined the particle
positions of the absorbed layer of microgels on the wall.
Fig. 3(a) shows a typical radial distribution function g(r) for
the microgels at the wall. The g(r) shows only few peaks
confirming the absence of any long-range order in the densely
packed layer. We find a mean distance between the nearest
neighbors of 0.73 pm, much smaller than the hydrodynamic
diameter of the microgels, due to interpenetration and defor-
mation of the microgels. Next, we investigated whether any
spatial variation exists in the packing of adsorbed microgels
using Voronoi tessellation. In short, this method assigns to
each adsorbed microgel a Voronoi cell that consists of all points
closest to that microgel. Fig. 3(b) shows the areas of the Voronoi
cells for all detected microgels in a typical field-of-view. Here,
short-ranged spatial fluctuations can be observed that indicate

interfaces.*”

Soft Matter, 2024, 20, 6343-6352 | 6345
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Fig. 3 (a) 2D radial distribution function g(r) of microgels adsorbed to the
coverslip. (b) Typical reconstruction of adsorbed microgels; the color
indicates the Voronoi cell area. Scale bar is 15 pm.

small local differences in the packing density of adsorbed
microgels.

It is noteworthy that the disordered structure with smaller
interparticle spacing observed here is in contrast with the hex-
agonal ordering observed in many studies on adsorbed microgels
in the dry state.”®*>° We explain this difference by the fact that
here microgels adsorb freely onto the substrate when the sample
cell is filled, while hexagonally ordered structures are generally
obtained via initial adsorption of the microgels at an air-water or
oil-water interface, after which the monolayer is transferred to the
solid substrate.”® It has been shown that at the fluid interface,
spreading and flattening of the microgels occur and generally lead
to a larger interparticle distance than the hydrodynamic size of
the microgels.”>® Clearly, the packing of the microgels on the
wall in our system appears to be random and is thus expected not
to promote crystallization.

3.2 Effect of the cooling rate

To investigate the effect of cooling rate on the crystallization of the
microgel system, we performed temperature-controlled CLSM
experiments by cooling down from 28.0 °C to 20.0 °C with
different cooling ramps, all repeated three times. The cooling
rates used were: 0.1 °C min~" (slow), 0.5 °C min™" (fast), and a
step-like temperature drop (quench); we will refer to the different
cooling rates in the rest of the manuscript as slow, fast and
quench as indicated between the parentheses. For quenching, the
sample temperature dropped below 21.0 °C within the first 30
seconds after the start of the ramp, which corresponds to a
cooling rate of >10 °C min~" within that time (see Fig. S4 in
the ESIf for a comparison between the measured and setpoint
temperature). During the cooling ramps, CLSM xyzt-scans were
obtained to capture the positions of the particles in a region
approximately 10 pm above the coverslip. From the xyzt-stacks we
extracted all particle positions in solid structures, i.e. crystalline or
glassy, as the particles in a fluid diffuse too fast for accurate
capture during a single xyz-scan. First, we analyzed the overall
order in the final dense phases obtained after the cooling ramps
to identify the type of structures formed. For this we computed the
3D radial distribution function g{r) as shown in Fig. 4. The first
peak in the g(r) curves, corresponding to the average nearest-
neighbor distance, is at = 0.8 um. This is significantly smaller
than the microgel diameter in dilute conditions (d(20 °C) =
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Fig. 4 Average 3D radial distribution functions g(r) of microgels in area
10 pm above the coverslip at the end (2 h) of the three different cooling
ramps. Curves are offset for clarity. Positions of the first peaks are 0.82 +
0.01 pm (slow), 0.80 £+ 0.01 um (fast), and 0.80 + 0.01 um (quench).
Vertical grey lines indicate the expected peak positions for an FCC (solid
lines) and HCP crystal (solid and dashed lines).

1.04 £+ 0.02 um) as a result of the interpenetration and deswelling
of microgels due to the dense packing. The g(r) for the slow ramp
contains distinct peaks indicating a highly-ordered structure. The
peak positions are in agreement with the theoretical peak positions
for face-centered cubic (FCC) and hexagonal close-packed (HCP)
crystals, represented by the solid and dashed vertical lines in Fig. 4.
A mixture of FCC and HCP, or a random hexagonal close packed
(RHCP) structure, is indeed the expected structure for a crystal
consisting of short-range repulsive colloids such as microgels.>*>°
The theoretical peaks unique to HCP (of which the first three are
indicated by dashed lines) are relatively small compared to the
peaks present for both FCC and HCP (solid lines) and are therefore
not clearly visible in the measured g(r). In the g(r) of the fast ramp
the crystalline features are significantly less distinct compared to
the slow ramp, indicating a less ordered final state. The g(r) for the
quench ramp corresponds to one expected for a glassy state, with a
‘split’ second peak.>” Taken together, these results are in line with
the common observation that cooling rate matters when a system is
brought to a highly supersaturated state; when cooled slowly the
particles crystallize and when cooled fast (quenched) the particles
become arrested and are unable to crystallize.

After having determined the effect of the cooling rate on the
overall order of the microgel system, we examined the local
ordering by determining the crystallinity at the single-particle
level. From the CLSM xyzt-scans, we determined for each
located microgel whether it has an ordered (i.e. crystalline) or
disordered structural environment over the full time span of
the experiment. To this end, we calculate the solid-liquid order
parameter*">®

!

Z (q/m(i)(ﬁm (]))

m=—1 (1)

S lgmi)P i/m,m(mz

m=—1 m=—

ql(lvj) =

This journal is © The Royal Society of Chemistry 2024
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for each pair of directly neighboring microgels i and j, where

1

Ni
qim(i) = FZ Yin (03, ) (2)
i3

is the bond-orientational order parameter for microgel i, N; is its
number of nearest neighbors, Y;,(0;,¢;) are the spherical har-
monics, and 0; and ¢; denote the polar and azimuthal angles
describing the bond between i and j. This method of determin-
ing the degree of order at the single-particle level has been
extensively used in both simulations®®*® and experiments.*"*
We determine the nearest neighbors using a Voronoi construc-
tion, and use [ = 6, which is suitable for FCC and HCP
structures®” formed in microgel systems.”*>® We consider
a bond between two neighboring microgels to be crystal-like if
gs > 0.7 and a microgel is considered to be in a crystalline
structural environment if it has six or more crystal-like bonds.
Fig. 5(a), (d) and (g) show the temperature profiles (black
lines) of the three cooling ramps along with the fraction of
microgels detected as crystalline over time (colored symbols).
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First of all, all three different runs for each cooling rate show
similar final crystal fractions indicating the reproducibility of
the measurements. For slow and fast cooling rates, we observe a
sudden increase in the crystal fraction during the ramp. For the
case of quenching the suspension, however, a sharp jump in
crystallinity followed by a plateau is observed, indicating the
microgels become completely arrested within a single time step
of the measurement (~ 80 s). We find that the highest crystal
fraction is obtained for the slow cooling (around 0.60-0.70).
The fast cooling ramp resulted in a significantly lower crystal
fraction (0.25-0.35), while quenching from 28.0 °C to 20.0 °C
resulted in a nearly completely glassy phase with only a small
fraction of microgels in a crystalline structural environment
(0.03-0.05). Clearly, the difference in total crystallinity is, as
expected, dependent on the cooling rate, with slower rates
leading to higher crystallinity and quenching leading to a
glass-like structure.

Interestingly, we observe that the onset of crystallization
occurs around 20.4 + 0.4 °C when a slow cooling ramp was
used, while crystallization starts at around 22.9 &+ 0.3 °C in the

Fig. 5 (a), (d) and (g) The fraction of microgels with a crystalline structural environment over time for slow cooling (0.1 °C min~?), fast cooling
(0.5 °C min~Y and a rapid temperature quench (>10 °C min™%), respectively. Circles, squares and diamonds each correspond the crystal fractions
determined in one run. Black lines denote the temperature profiles. (b), (e) and (h) 3D renderings of the experimentally extracted microgel positions at the
final state (i.e. 2 h after the start of the temperature ramp) of one of the three runs. Crystalline microgels are shown as colored particles, immobile
microgels on the coverslip are shown in white, and microgels not classified as crystalline are not shown. (c), (f) and (i) Horizontal slices through 3D
renderings (4-6 um from the coverslip). Crystalline and glassy microgels are shown as colored and white particles, respectively. Scale bar is 15 pm.
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case of a fast ramp. As the volume fraction of PNIPAM microgels
is controlled by the temperature, this implies that crystallization
starts at a higher volume fraction for slow cooling. This observa-
tion is in contrast with the expectation that the onset of
crystallization is determined by a specific volume fraction.
Clearly, this is not an equilibrium process, and thus the microgel
suspension enters a supercooled state during cooling. Whether
the volume fraction at which crystallization starts is truly higher
for the slowest cooling rate, and if so, why this is the case
remains unclear at present and warrants further investigation.

To understand where crystal domains have formed and what
their size is, we visualized the spatial distribution of crystallized
microgels after the temperature ramps. Typical 3D renderings
of the final solid state using the experimentally extracted
microgel positions are displayed in Fig. 5(b), (e) and (h). Here,
only the microgels classified as crystalline (colored) and those
stuck to the coverslip (white) are shown. In addition, horizontal
slices through the renderings are given Fig. 5(c), (f) and (i), in
which we do show the disordered (glassy) microgels in white.
Clearly, large ordered domains have formed in case of slow
cooling (Fig. 5(b) and (c)): crystalline domains are separated by
grain boundaries, seen as small ‘channels’ of disordered micro-
gels. For the case of fast cooling (Fig. 5(e) and (f)), we see small
crystalline domains surrounded by disordered particles. The
quenched suspension (Fig. 5(h) and (i)) only shows very small
crystalline domains. We should note that even for a completely
disordered structure, due to the ‘random’ placement of parti-
cles, we expect some individual or small clusters of microgels to
be classified as crystalline. From these 3D renderings we
conclude that for the slowest cooling rate, a polycrystalline
structure forms, indicating that nucleation of crystalline
domains starts at many points in the field-of-view. In addition,
for the faster cooling rate, the nucleation of crystalline domains
can occur but their growth is inhibited by the rapid increase in
volume fraction, while the quench prevents any formation of
crystal domains of substantial size.

3.3 Effect of wall on crystal formation

To explore the direct effect of a flat wall—the coverslip in our
experiments—on the crystal formation, we first investigate its
influence on the microgel distribution after the three cooling
ramps. To this end, we plot the microgel density relative to the
mean density p(z)/p, as a function of the distance z from the
coverslip in Fig. 6. For all three cooling rates the density
profiles show distinct peaks, where the peak at z = 0 um
corresponds to the immobile microgels at the coverslip. The
separation between the peaks is approximately 0.7 pm, slightly
smaller than the average inter-particle spacing (i.e. positions of
first peaks in Fig. 4). Evidently, the peaks in the density profiles
show that a ‘layering’ of microgels is present near the coverslip,
and the decay in peak intensity with z in all curves indicates
that the layering becomes less pronounced as the distance
increases from the wall. Particle layering next to the wall is
not unexpected as even in a liquid such layering can be
observed.®* However, a mostly similar layering seen for all three
cooling rates is surprising as large differences in the structures
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Fig. 6 Normalised microgel density in the final solid phase as a function
of distance z from the coverslip for each cooling ramp. Curves are offset
for clarity.

were observed in the g(r) (Fig. 4). Upon closer inspection, the
peaks in the case of slow cooling appear to decay over a slightly
shorter distance than for the other two cooling rates. This can
be explained by the fact that the highest crystal fraction is
obtained after the slow cooling ramp. Crystal domains that are
formed in the bulk, via homogeneous nucleation, will have a
random orientation. As a result, the crystal layers in these
domains are generally not parallel to the coverslip, explaining
the slightly less distinct peaks in the density profile after slow
cooling. Since the crystal fraction is much lower after the fast
and quench cooling, the effect of the orientation of crystal
planes does not play a major role in those density profiles.

To shed more light on the crystal nucleation mechanism
near the wall, we studied the normalised density of crystalline
microgels p.(z)/po as a function of distance z from the coverslip
during the nucleation process. Fig. 7(a)-(c) show the extracted
density profiles of the crystalline microgels for the three cooling
rates; slow, fast and quench cooling, respectively. Here, a bin
width of 1 um is used for clarity. For slow cooling shown in
Fig. 7(a), at ¢t = 4725 s, we observe the formation of the crystal
domains both on the coverslip (z = 0-4 um) and in the “bulk”
(z > 6 um) of the imaged volume, and little crystalline micro-
gels in the intermediate region. Fig. 7(d) depicts a side view
rendering in the full imaged volume, clearly showing the two
different regions containing crystalline microgels. As time
progresses, we see that these crystal domains come together,
resulting in a structure that has a higher final crystal fraction in
the bulk than near the coverslip (Fig. 7(a), at ¢ = 7935 s).
It appears that, for the slow cooling rate, crystals form both
via heterogeneous nucleation on the wall and homogeneous
nucleation in the bulk.

For fast cooling shown in Fig. 7(b), we observe the formation
of crystal domains only above the wall at ¢ = 585 s until the end
at¢=7635 s and no large crystal grains growing in the bulk. The
presence of only crystal domains on the wall is also clearly
visible in the side view shown in Fig. 7(e). Therefore, for the fast
cooling rate we conclude that crystallization is dominated by
heterogeneous nucleation.

This journal is © The Royal Society of Chemistry 2024
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(a)—(c) Density of crystalline microgels as a function of distance z from coverslip at different points in time for slow, fast and quench cooling. Data

is obtained from single runs corresponding to the circles in Fig. 5(a), (d) and (g). Note that the scales on the vertical axes are different. (d)—(f) Snapshots (3D
renderings of the experimentally extracted microgel positions, side view) of the crystalline microgels corresponding to the first time point given in (a)-(c).

Immobile microgels on the coverslip are shown in white. Scale bar is 15 um.

In case of the quench in Fig. 7(c), crystallization occurred
within a single frame and did not change significantly after-
wards, since the microgels formed an arrested state. Therefore,
only the density profile of crystalline microgels is given at ¢ =
375 s (shortly after the quench). This quench profile shows that
the fraction of crystalline microgels is slightly higher near the
coverslip than in the bulk, see also Fig. 7(f), again indicating
the presence of heterogeneous nucleation.

We recall that the structure of adsorbed microgels at the wall
is disordered, and therefore to some extent replicates the struc-
ture of the fluid, which influences the degree of heterogeneous
nucleation in our system compared to a perfectly flat wall.*®
Additionally, it should be noted here that the disordered layer of
adsorbed microgels affects the identification of crystalline
microgels. This results in a relatively low fraction of microgels
identified as crystals near the coverslip, around z = 0-1 pm,
which is the most apparent in Fig. 7(b). Overall, however, our
results certainly illustrate that the cooling rate determines which
nucleation mechanism is dominant and that it influences the
final structure of the microgel suspension near the wall.

The density profiles displayed in Fig. 6 reveal the layering of
microgels near the coverslip, which is already a strong indica-
tion that the wall also has an effect on the orientation of the
crystal grains. It is well known that, in the case of heteroge-
neous nucleation, colloidal particles forming an RHCP struc-
ture typically align the hexagonally-packed planes with the
wall.>”*° To investigate this alignment after the three cooling
ramps, we determined the local crystal orientation at the single-
particle level relative to the wall. As a first step, we used
polyhedral template matching (PTM)**** to determine whether
the local structure around a microgel corresponds to an FCC or
HCP structure. PTM identifies local structures by matching the
positions of microgels and their nearest neighbors to crystal
structure templates. The algorithm requires a cutoff value for
the level of similarity (root-mean-square deviation, or RMSD)
between the local structure and the template, for which we use
RMSD = 0.2 (we use all microgels for identifying FCC and HCP

This journal is © The Royal Society of Chemistry 2024

structures with PTM, but only use those that are also classified
as crystalline using the method described in Section 3.2 in the
subsequent analysis). With the PTM analysis we find indeed
that the crystalline domains contain a mixture of FCC and HCP
structures. A horizontal slice showing the typical distribution of
FCC and HCP in a crystal obtained after the slow cooling ramp
is given in Fig. S5 in the ESL{

Importantly, PTM also allows us to determine the local
orientation of each nearest-neighbor cluster (i.e. a microgel
and its direct nearest neighbors) assigned to an FCC or HCP
structure. To determine to which extent a crystal plane is
aligned with the wall, we calculate the correlation

A = (ngny) (3)

where n. and n,, are the (unit) normal vectors of a crystal plane
and the wall, respectively. Hence, A = 1 indicates that the crystal
plane is parallel to the wall, while A becomes lower for larger
angles between the crystal plane and the wall. For FCC, the
hexagonally-packed planes correspond to the {1,1,1} family of
planes, and in HCP it is the (0,0,1) plane. To measure the
alignment of these planes with the coverslip, we calculate the
corresponding A for each FCC/HCP microgel (since FCC has four
perpendicular {1,1,1} planes, we take the plane with the highest
A, i.e. the most aligned with the coverslip). In Fig. 8(a)-(c), we
show renderings of all microgels in a crystalline domain close to
the wall after completion of the slow, fast and quench cooling
ramps, respectively. Here microgels with A > 0.99 (or, in other
words, an alignment within 5.7°) are shown as dark colored
particles. In addition, side views of the renderings are given in
Fig. 8(d)-(f). For the three cooling rates, we observe that several
crystalline domains possess hexagonally-packed planes aligned
with the coverslip, with the quench showing only very small
domains as the crystal fraction is very low. Interestingly, there
appears to be a difference in the alignment of hexagonally-
packed planes between the fast cooling and slow cooling rates.
For the fast cooling, a relatively large fraction of crystalline
domains has an alignment of a hexagonally-packed plane with

Soft Matter, 2024, 20, 6343-6352 | 6349
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Fig. 8 (a)—(c) Slices of 3D renderings of the experimentally extracted microgel positions (0—4 pum) after the slow, fast and quench cooling ramps, where

only microgels identified as FCC and HCP are shown. Dark colored microgels are in a structural environment that has a hexagonally-packed plane
aligned with the coverslip (A > 0.99). Data correspond to the squares in Fig. 5(a), (d) and (g), 2 h after the start of the ramps. Scale bar is 15 um. (d)—-(f) Side

view of microgels with A > 0.99; other microgels are omitted.

the coverslip (Fig. 8(b)), while for the slow cooling most crystal-
line microgel domains have a different alignment (Fig. 8(a)).
To quantitatively compare the overall alignment of the
hexagonally-packed layers after the three cooling ramps, we
plot the fraction of crystalline microgels with A > 0.99 as a
function of distance z from the coverslip in Fig. 9. As expected,
we find that the fraction of aligned crystals is highest near the
coverslip for all three cooling rates. Confirming our previous
observation of the difference in the alignment of crystal
domains, we find that the fraction of microgels in an aligned
hexagonally-packed layer is higher after the fast cooling ramps
than after the slow ramps, even though the fraction of crystal-
line microgels is much greater after the slow ramps (Fig. 5(a)
versus Fig. 5(d)). The lower alignment of the crystalline domains
close to the wall obtained with a slow cooling rate appears to be
due to a competition between the two nucleation mechanisms

] e S|ow
== Fggt
e Quench

P (2) 1 pl2)

4 6 8 10
z[pm]

Fig. 9 Fraction of microgels that are in a crystalline structural environ-
ment (FCC or HCP) and have a hexagonally-packed plane aligned with the
coverslip (A > 0.99), as a function of distance z from the coverslip. The
results are an average of three runs for each ramp rate; error bars denote
95% confidence intervals obtained from the standard error of the mean.
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we have observed before (Fig. 7(a) and (d) versus Fig. 7(b) and
(e)). For the slow cooling rate, the crystal domains that have a
hexagonally-packed plane aligned with the coverslip originate
from heterogeneous nucleation. It seems that their growth is
hindered by the growing crystal domains that originate from
homogeneous nucleation in the bulk that possesses a different
orientation. This competition between the growth of aligned
and misaligned crystal domains does not play a significant role
in the fast cooling ramps, as most crystal domains originate
from heterogeneous nucleation events at the coverslip. Clearly,
the cooling rate is an important parameter that controls crystal
orientation near a wall.

4 Conclusions

In summary, we have investigated the influence of the cooling
rate on the crystallization of a dense suspension of soft,
thermoresponsive microgels near a wall. By employing micro-
gels with a core-shell morphology, and fluorescently labeling
the core only, we were able to image the microgel positions
even at a high effective volume fraction at the single-particle
level in 3D using CLSM. We visualized the structural evolution
during the phase transition from a fluid to a solid induced by a
temperature change from 28 to 20 °C with different cooling
rates: slow (0.1 °C min %), fast (0.5 °C min~") and quench
(>10 °C min™"), near the coverslip covered by an adsorbed
layer of disordered microgels.

We find, as expected, that the cooling rate influences the
degree of crystallization, with slow cooling leading to the
highest crystal fraction and the rapid temperature quench
leading to the formation of a glass-like structure. By visualizing
the crystal growth in 3D, we revealed that the cooling rate
combined with the presence of the wall controls the type of
crystal nucleation that occurs, and this, in turn, influences the
orientation of crystal domains in the region near the wall. Both
homogeneous nucleation and heterogeneous nucleation occur

This journal is © The Royal Society of Chemistry 2024
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when the microgel suspension is cooled slowly, while hetero-
geneous nucleation is dominant for fast cooling. For slow
cooling, the growth of crystal domains with an arbitrary orien-
tation that originates from nucleation in the bulk appears to
limit the growth of domains originating from heterogeneous
nucleation that have a hexagonally-packed plane aligned with
the wall. To follow up on these findings, future research could
include the effect of microgel organization at the wall, for
instance by first forming an ordered layer of adsorbed micro-
gels via pre-deposition, on the formation and orientation of
crystalline domains.

The findings presented here highlight the importance of
control over the cooling rate and the effects of the wall in
microgel studies on phase transitions. With the structural
analysis presented in this paper, we have revealed the interest-
ing interplay between the cooling rate and wall effects on the
final structure of dense microgel suspensions. These results
contribute to a comprehensive understanding of the role of
structural details in fundamental physical phenomena in gen-
eral, such as crystallization, melting, and the glass transition.
In addition, these insights can assist in the development of
potential applications of microgel-based materials based on
their unique stimuli-responsive properties.
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