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Abstract

Spherical particles confined to liquid interfaces generally self-assemble into hexagonal patterns. It 
was theoretically predicted by Jagla two decades ago that such particles interacting via a soft 
repulsive potential are able to form complex, anisotropic assembly phases. Depending on the shape 
and range of the potential, the predicted minimum energy configurations include chains, rhomboid 
and square phases. We recently demonstrated that deformable core-shell particles consisting of a 
hard silica core and a soft poly(N-isopropylacrylamide) shell adsorbed at an air/water interface can 
form chain phases if the crosslinker is primarily incorporated around the silica core. Here, we 
systematically investigate the interfacial self-assembly behavior of such SiO2-PNIPAM core-shell 
particles as a function of crosslinker content and core size. We observe chain networks 
predominantly at low crosslinking densities and smaller core sizes, whereas higher crosslinking 
densities lead to the formation of rhomboid packing. We correlate these results with the interfacial 
morphologies of the different particle systems, where the ability to expand at the interface and form 
a thin corona at the periphery depends on the degree of crosslinking close to the core. We perform 
minimum energy calculations based on Jagla-type pair potentials with different shapes of the soft 
repulsive shoulder. We compare the theoretical phase diagram with experimental findings to infer to 
which extend the interfacial interactions of the experimental system may be captured by Jagla pair-
wise interaction potentials.

Introduction
The adsorption and self-assembly of colloidal particles at liquid interfaces is of interest both for 
fundamental science and technological applications.1,2 Fundamental investigations of such systems 
have provided understanding of the adsorption process itself,3,4 the shape and morphology of the 
adsorbed particles, in particular for deformable systems,5–8 as well as the phase behavior9–11 and the 
formation of defects.12–14 From a technological point of view, the presence of particles at a liquid 
interface impacts, for example, the kinetic stability of emulsions,15,16 foams17,18 and liquid 
marbles.19,20 Furthermore, the interfacial assembly can be transferred onto solid substrates to obtain 
nanoscale surface patterns with high fidelity over macroscopic areas21,22 which are exploited in 
photonic23,24 or phononic25,26 applications, or serve as a template for the fabrication of more complex 
plasmonic nanostructure-27–29 or nanowire arrays.26,30–32 

Typically, monodispersed spherical colloidal particles confined at a liquid interface self-assemble into 
hexagonal close packed or non-close packed structures, depending on the balance of attractive 
capillary and Van-der-Waals forces and repulsive electrostatic and dipole forces.21,33,34 Soft colloidal 
particles, however, can deform under the influence of surface tension. The shell spreads at the 
interface and the particles assume a characteristic core-corona morphology.5–7 
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The resultant interfacial phase behavior of such soft colloidal particles, is therefore more complex 
and dominated by the structure and interactions between the expanded coronae. At low surface 
pressure, corresponding to a large available area per particle, soft particles typically assemble into 
hexagonal non-close packed arrangements, where the particles are in corona-corona contact.5,35–42 
Upon compression, causing a decrease in the available area per particle, soft particles either undergo 
a continuous,37–39,43,44 an isostructural35–39,41,45 or a heterostructural phase transition. 9,46,47 The 
continuous transition describes the continuous decrease in lattice spacing upon compression while 
preserving the hexagonal lattice structure and was observed for small39 or hollow44 soft microgels 
with a low37,38 or ultralow crosslinking density.42 The isostructural phase transition describes the 
discontinuous transition from a non-close packed hexagonal phase, where the particles are in 
corona-corona contact, to a close packed hexagonal phase, where the particles are in core-core 
contact. This transition is typically observed for microgels,35,37–39 core-shell particles36,41,45 and core-
interlayer-shell particles.40 The heterostructural phase transition describes a discontinuous transition 
into a phase of different symmetry, for example into a chain or a rhomboid phase. Such complex 
phases were predicted by Jagla in 1998 for particles interacting via a hard incompressible core and a 
repulsive soft shell.48,49 These phases can exist as minimum energy configurations even for isotropic 
particles as the system minimizes its energy by fully overlapping the repulsive shells of neighboring 
particles within a chain to prevent overlap of shells between different chains. Depending on the 
shape and spatial extend of the soft repulsive shoulder, even more complex phases, such as honey-
comb structures and quasicrystals, were predicted.50–56 

Even though those theoretical predictions date back two decades, experimental realizations of 
heterostructural phase transitions are rare. Previously, chain and square phases were observed for 
binary systems consisting of hard polystyrene cores mixed with soft amphiphilic components such as 
proteins,47 surfactants47 or microgels.46 Recently, we were able to realize a heterostructural phase 
transition for single-component core-shell particles consisting of a silica core and a PNIPAM shell with 
N,N'- methylenebis(acrylamide) (BIS) as crosslinker synthesized in a batch synthesis.57 The higher 
reactivity of the crosslinker BIS compared to the monomer NIPAM58 induces a preferential 
incorporation of the crosslinker around the silica core and leads to a formation of dangling chains 
towards the periphery of the core-shell particle. A common characteristic of these interfacial systems 
is the presence of a very thin, quasi two-dimensional corona surrounding the core, which seemingly 
is a necessary condition for the system to undergo heterostructural phase transitions.57 Simulations 
based on augmented potentials, which qualitatively reproduce all different phase transitions of soft 
particle systems reveal that heterostructural phase transitions also require a pair-wise interaction 
potential.57 For an experimental system, this criterion translates into a corona that has little57 or no 
crosslinks9 between the dangling chains and can therefore collapse anisotropically with one 
neighboring particle without destabilizing the corona of the same particle in contact with a different 
neighbor.57

In this manuscript, we build on our recent results and investigate the interfacial phase behavior of 
silica-PNIPAM core-shell particles synthesized via a batch synthesis with different core sizes as well as 
different crosslinking densities. We investigate the interfacial self-assembly at the air/water interface 
of a Langmuir trough using the simultaneous compression and deposition method,31 followed by an 
ex-situ characterization using scanning electron microscopy (SEM) and atomic force microscopy 
(AFM). We find indications of heterostructural phase transitions into chain phases for small cores or 
low crosslinking densities, while particles with larger cores and higher crosslinking densities tend to 
transition into rhomboid phases or directly form aggregates with core-core contact. We compare 
these phase transitions to theoretical predictions of minimum energy configurations obtained for 
particles interacting via Jagla potentials in the context of Jagla phases and discuss similarities and 
differences of the experimental systems.

Results
Particle Characterization
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We started by synthesizing Stöber silica particles with three different diameters (dc = 198 nm, dc = 
295 nm, dc = 448 nm). We then surface-functionalized these cores with 3-(trimethoxysilyl)propyl 
methacrylate (MPS) to covalently anchor the polymeric shell (Figure 1a). Subsequently, PNIPAM 
microgel shells were grown onto the core via a radical polymerization in a batch process to achieve a 
high cross-linking gradient, whereby the crosslinker is primarily integrated around the particle 
core(Figure 1a) as demonstrated in previous work by Stieger et al. using neutron scattering.59 For 
each core size, shells with 1 mol%, 5 mol% and 10 mol% crosslinker were synthesized. The 
morphology of the core-shell particles in bulk and adsorbed to the air/water interface is 
schematically illustrated in Fig 1b. We measured the hydrodynamic diameter dH of the core-shell 
particles as a function of temperature using dynamic light scattering (Fig. 1c left, Fig. S1). In bulk, the 
core-shell particles undergo a volume phase transition due to the stimuli responsive nature of 
PNIPAM60,61 with a lower critical solution temperature known to be around 32 °C.60,61 Here, we 
observed a shift from 32 to 35 °C with increasing amount of crosslinker (Fig. 1c left). This can be 
rationalized by the more hydrophilic nature of BIS in comparison to NIPAM as BIS does not contain 
the hydrophobic isopropyl groups.62 We tentatively attribute the slightly larger diameter of the 
particles with higher crosslinker concentration in the collapsed state to an increase in total polymer 
mass of the polymer shell. 

The degree of swelling depends on the crosslinking density of the microgel shell63 and can be 
quantified by the swelling ratio. The temperature dependent swelling ratio β is defined as

β = VS(T)/VS(50 °C) (1)

where VS(T) is the shell volume at any temperature T and VS(50 °C) is the shell volume at 50 °C, 
corresponding to the collapsed state of the core-shell particle.36,45 We measured a decrease in 
swelling ratio with increasing crosslinker content for all core sizes (Fig. 1c right, Fig. S1). 

Figure 1: Synthesis and structure of PNIPAM-SiO2 core-shell particles. a) Schematic illustration of the core-shell particle 
synthesis and architecture. b) Schematic illustration of the core-shell particles in bulk and adsorbed to the air/water 
interface with the relevant dimensions given by the particle core diameter dc, the hydrodynamic diameter dH in bulk and 
the diameter of the particle and its extended corona at an air-water interface di. b) Representative temperature-dependent 
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hydrodynamic diameter dH, exemplarily shown for silica cores with a diameter of 198 nm (left) and swelling ratio β vs 
temperature for the same particle systems (right).

Next, we spread the synthesized core-shell particles at the air/water interface on a Langmuir trough 
and transferred the assembly onto a silicon wafer at a low surface pressure (5 mN/m). We 
characterized the morphology ex situ using atomic force microscopy (AFM). In Fig. 2a, we show AFM 
height and phase images of deposited core-shell particles with a 198 nm core and shells containing 1 
mol% and 10 mol% crosslinker (top and bottom, respectively). We observed the characteristic core-
corona morphology, typical for PNIPAM microgels and core-shell particles.6,36 The polymer chains of 
the shell extend along the air/water interface to minimize its surface energy. Therefore, core-shell 
particles have a higher interfacial diameter di compared to their bulk diameter dH (Fig. 1a). In 
addition, for all particle systems, we observed a sharp transition from the silica core to the flat 
PNIPAM corona independent of the crosslinker concentration. This sharp transition indirectly reveals 
the accumulation of the crosslinking points near the particle core due to the batch synthesis, as 
dangling chains with few crosslinks can stretch out very efficiently and form an extended, very thin 
corona. In contrast, typical core-shell systems synthesized by a semi-batch method where the 
crosslinker is continuously injected throughout the synthesis exhibit a much thicker, three-
dimensional polymer shell that extends towards the periphery.57 

We used scanning electron microscopy (SEM) images to characterize the interfacial dimensions of 
the different particles (Figure 2b). In the absence of compression, the particles formed a hexagonal 
non-close packed phase, where the cores are separated by the extended coronae. Therefore, we 
assigned the nearest neighbor distance that can be analyzed from the SEM images at low surface 
pressure (5mN) to the interfacial diameter of the core-shell particles. We statistically evaluated these 
nearest neighbor distances as a function of crosslinking density from image analysis with a custom-
written Matlab script8 (Fig 2c). For all core sizes, a decrease in nearest neighbor distance with an 
increasing crosslinking density was observed. This systematic change indicates that a polymeric shell 
with fewer crosslinks can spread more efficiently at the interface, which can also be observed in the 
AFM phase images (Fig. 2a). This difference in shell agrees with previous studies on pure microgels, 
where the swelling efficiency and size is inversely proportional to the crosslinking density.37,38 Note 
that nearest neighbor distance of the samples with the largest core sizes and high crosslinker content 
is close to the core diameter. In these samples, the core-shell particles directly aggregated into core-
core contact at the interface and did not form a hexagonal non-close packed phase. 

We further noticed that the quality of the hexagonal arrangement (Fig. 2b) of our core-shell particles 
synthesized in the batch process was significantly lower than for comparable samples prepared in 
semi-batch processes.36,45 We calculated the hexagonal order parameter Ψ6 by statistical image 
analysis from SEM images to quantify the degree of order and thus assess the polydispersity of the 
samples from their self-assembly properties (Figure S2). A Ψ6 value of 1 refers to perfect hexagonal 
order. Fig S2 reveals that the order increases with increasing crosslinking density. For particles with a 
silica core of dc=198 nm, Ψ6 increased from 0.45 (1 mol%) to 0.74 (10 mol%). Similarly, for cores with 
dc= 295 nm, Ψ6 increased from 0.6 (1 mol%) to a high ordering of 0.92 (5 mol%). The higher 
polydispersity of the samples with low crosslinking density is further reflected by larger errors in 
interparticle distances of the interfacial colloidal monolayer, seen in Figure 2c and Figure S2d. We 
tentatively attribute the low ordering for small particles with low crosslinker content to their 
inhomogeneous corona structure, which is affected by multiple factors. The free radical 
polymerization generally leads to a broad molecular weight distribution of individual polymer chains. 
In addition, a low crosslinker content presumably creates longer but also fewer dangling polymer 
chains forming the corona. Together, these factors collude to form less homogeneous coronae for 
small particles with low crosslinking densities (Fig. 2a). On the other hand, a higher crosslinker 
concentration leads to a larger number of smaller dangling chains, which may form more 
homogenous coronae (Fig2b). Similarly, a larger particle size also increases the number of chains able 
to participate in the formation of the corona and increases the homogeneity of the corona.
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Figure 2: Characterization of core-shell particles at an air/water interface at low pressure (5 mN/m). a) AFM phase images 
(left) and height images (right) of particles with a 198 nm core and 1 mol% (top) and 10 mol% (bottom) crosslinked shell. b) 
SEM images of the same particles. c) Average nearest neighbor distance at low surface pressure (5 mN/m). For each core 
size a decrease of the nearest neighbor distance with increasing crosslinking density is visible. Error bars represent standard 
deviations from the average nearest neighbor distances determined by image analysis. Scale bar: 500 nm.

Compression-induced phase behavior:

Next, we investigated the two-dimensional phase behavior of the core-shell particle at the liquid 
interface under compression using the simultaneous compression and deposition method.31 Hereby, 
the particles were spread at the air/water interface of a Langmuir-Blodgett trough and were 
continuously compressed while simultaneously being deposited onto a silicon wafer. The complete 
phase diagram, from low to high compression is thus encoded on the solid substrate and can be 
characterized by electron microscopy and image analysis ex situ. The surface pressure-area per 
particle isotherms for all particles can be seen in Fig. S3. The increasing area for lower crosslinking 
densities is in accordance with the data shown in Fig. 1c and Fig. 2c.  

Figure 3 shows the progression of different interfacial phases observed for the 198 nm–10 mol% 
core-shell particles upon compression by ex-situ SEM images (Fig. 3a-f) and the corresponding 
nearest neighbor distributions (Fig. 3g). At low surface pressures, a hexagonal non-close packed 
phase with particles in corona-corona contact was observed (Fig. 3a). Upon compression, this 
hexagonal non-close packed phase is compressed without a change in structure (Fig. 3b), as revealed 
by the nearest neighbor distribution (Fig. 3g, orange curve). With increasing compression, the onset 
of a phase transition into structures with core-core contact was observed and we found a 
coexistence of dimers, trimers, small chains and small, close packed clusters (Fig. 3c). This phase 
transition is also reflected in the nearest neighbor distribution, which showed a broad peak at larger 
interparticle distances (attributed to neighbors in corona-corona contact) and  a second peak at small 
interparticle distances, indicative of particles in core-core contact (Fig. 3g, green). Increasingly, the 
particles in core-core contact arranged in a network of chains when the surface pressure was 
increased upon further compression (Fig. 3d-f). The presence of two length scales, corresponding to 
core-core contact within the chains and corona-corona contact between two chains persisted in the 
nearest neighbor distribution (Fig. 3g, dark blue, light blue, black). Finally, at maximal compression, 
the chain network became more condensed and partially exhibited hexagonal symmetries (Fig. 3f). A 
complete phase transition into a hexagonal close-packed phase was not observed, possibly due to 
jamming. A qualitatively similar phase behavior with the formation of chain networks upon 
compression was observed for 198 nm–1 mol% core-shell particles (Fig. S4), 198 nm–5 mol% core-
shell particles (Fig. S5) and 295 nm–1 mol% core-shell particles (Fig. S6). 
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Figure 3: Interfacial phase behavior of 198 nm-10 mol% core-shell particles. a-f) SEM images taken after deposition to a 
solid substrate from the air/water interface at different surface pressures. g) Corresponding nearest neighbor distributions. 
The particles undergo a phase transition from hexagonal non-close packed arrangements (a,b) to chain-like networks (d-e) 
to a dense chain network (f) upon compression. Scale bar: 2 µm.

Core-shell particles with a 295 nm core and 5 mol% crosslinker showed a qualitatively different phase 
behavior (Fig. 4). At low surface pressure, the particles formed a hexagonal non-close packed phase 
(Fig. 4a,b) and their nearest neighbor distance could be reduced by compression (Fig. 4g. red, 
orange). Above 23 mN/m, the particles started to form small clusters with closer contact (Fig. 4c), 
which, at first glance, appeared similar to the frequently observed isostructural phase transition into 
a hexagonal close packed phase. 35–39,41,45 On closer inspection, however, it seems that that the 
clusters are distorted and not hexagonal. In addition, the nearest neighbor distribution reveals that 
the particles are more than 400 nm apart and therefore not in direct core-core contact (Fig. 4g, 
green). Instead of growing isotropically into larger regions of close-packed particles, as expected for 
the typical isostructural phase transition, 35–39,41,45 the clusters transitioned into more anisotropic 
structures, forming percolated networks of chains, often with a characteristic zig-zac structure (Fig. 
4d). At higher pressures, these percolated networks transitioned into a well-defined rhomboid 
lattice, present over large areas (Fig. 4e). The rhomboid symmetry is evidenced in the nearest 
neighbor distribution (Fig. 4g, light blue) with a characteristic splitting into two peaks. At maximal 
compression hexagonal close packed phases (Fig. 4f) in coexistence with rhomboid phases were 
observed. Noteworthily, the angles of the rhomboid tiles varied between 70° up to 85°. Therefore, 
the energy difference between the hexagonal close packed state and the rhomboid state may be 
close and the kinetic pathway may also affect the assembly. Other particles exhibiting at least 
partially rhomboid phases at high compression were 295 nm–1 mol% core-shell particles (Fig. S6),295 
nm–10 mol% core-shell particles (Fig. S7) and 448nm-1mol% core-shell particles (Fig 5).

Figure 4: Interfacial phase behavior of 295 nm-5 mol% core-shell particles. a-f) SEM images taken after deposition to a solid 
substrate from the air/water interface at different surface pressures. g) Corresponding nearest neighbor distributions. The 
particles undergo a phase transition from hexagonal non-close packed arrangements (a,b) to a rhomboid lattice (e) and 
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subsequently to a hexagonal phase (f). The PNIPAM shell in (f) has been removed by combustion for visualization purposes. 
Scale bar: 5 µm.

Particles with the largest core tended to form aggregates where the particles are directly in core-core 
contact at low surface pressure.65 This behavior indicates that the corona formed by the polymeric 
shell of these large particles is not sufficient to stabilize them against capillary attraction, which 
increases with increasing core size (Fig. S8, Fig. S9). Capillary forces acting on particles may cause 
aggregation directly at the air/water interface (floatation capillary forces), or during drying after 
transfer to solid substrate (immersion capillary forces). From our experiments, which rely on indirect 
imaging after transfer, it is not possible to distinguish between these two. The difficulty in stabilizing 
particles with large cores against aggregation is known in literature and found for different silica- 
core-shell particles.9,45 Noteworthily, we found a stable hexagonal non-close packed phase for 448 
nm–1 mol% core-shell particles despite the large core size (Fig. 5a). We hypothesize that the low 
crosslinking density and the increasing ability of the free dangling chains to spread at the interface 
and form a very extended corona is important to counteract capillary attraction. This difference in 
behavior of the core-shell particles synthesized by the batch polymerization compared to continues 
monomer feeding (which does not allow stabilizing non-close packed phases with such large cores)45 
highlights the important role of the crosslinker and its distribution within the core-shell particles. 
Upon compression, the 448 nm-1 mol% core-shell particles arranged in chain-like networks, which 
became increasingly denser (Fig. 5 b-e). The nearest neighbor distance shows peak splitting 
characteristic for chain phase, with particle populations in close distance within the chains, and 
particles at larger distance in between chains. At largest pressure, the chains were compressed into 
an ill-defined close-packed structure with local hexagonal and rhomboid structure. (Fig. 5f). The 
corresponding nearest neighbor distribution is characterized by a pronouced peak of the particles in 
direct core-core contact and a shoulder attributed to particles in local rhomboid arrangement.

Figure 5: Interfacial phase behavior of 448 nm-1 mol% core-shell particles. a-f) SEM images taken after deposition to a solid 
substrate from the air/water interface at different surface pressures. g) Corresponding nearest neighbor distributions. The 
particles undergo a phase transition from hexagonal non-close packed arrangements (a) over chain-like networks (b-e) to a 
lattice consisting of rhomboid and hexagonal close packed areas (f). Scale bar: 5 µm

Figure 6 summarizes the phase behavior of all particle systems as a function of core diameter and 
crosslinker content in the PNIPAM shell. The area fraction, used as y-axis is defined as the ratio of the 
area covered by cores to the total available area. A high area fraction corresponds to a low available 
area per particle and a high surface pressure. Note that the area fraction was determined from SEM 
images where the polymer shell was removed and the data therefore systematically underestimates 
the true area fraction of the core-shell particles. The images without a polymer shell are shown in 
Figures S10-S12. The phases are classified based on the visual impression and the distribution of 
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nearest neighbor distances as shown in Figures 3-5 and Figures S4-9. We observe three general 
trends:

(1) Particles with large cores and high crosslinking density tend to aggregate directly at the interface 
(Fig. S8,9), suggesting that attractive capillary forces are stronger than the steric repulsion of the 
polymeric corona. The notable exception are the particles with large core (dc= 448 nm) and lowest 
crosslinker content (1 mol%), which maintain a corona-corona contact upon spreading at the liquid 
interface (Fig. 5a). 

(2) Particles with small core size and low crosslinking densities form chain networks at intermediate 
compressions, as identified in the binary distributions of nearest neighbor distributions (Fig 3, Fig. S4, 
S3). 

(3) Particles with intermediate core sizes and high crosslinking density form rhomboid phases at high 
compressions (Fig. 64, Fig. S7), which can at least partially be replaced by hexagonal close packed 
phases at maximum compression (Fig. 4, Fig. S7).

Figure 6: Overview of the interfacial phase behavior of all synthesized core-shell particles with different core diameter and 
crosslinking density upon compression at the air/water interfaces. The bars color-code the existence and coexistence of 
phases of the particle systems at different stages of compression (i.e. at different area fractions). Individual phases are 
represented by different colors; more than one color in the horizontal profile of a bar represents a coexistence of the 
phases at the corresponding area fraction.

Discussion
In the following, we discuss the experimentally observed phase transitions and compare them to 
theoretical minimum energy calculations using a simple Jagla hard-core soft-shell pair potential, 
assuming the interaction potentials are pair-wise additive and that each unit cell contains only one 
particle.45,49 The shape of the soft compressible shoulder is defined by the parameter g (Fig. 7b).49 
The phase behavior as a function of g vs normalized pressure  for a fixed shell to core 𝑃 ∗ = 𝑃𝑟2

0 𝑈0
diameter ratio r1/r0 of 3 is depicted in Fig. 7a, where  is the surface pressure,  is the core diameter 𝑃 𝑟0
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and  is the energy of two core-shell particles in core-core contact. From the experimental data, we 𝑈0
determined the shell diameter r1 as the nearest neighbor distance of the core-shell particles in 
corona-corona contact before the onset of phase formation and r0 as the diameter of the particle 
core. For all the nine particle systems, the r1/r0 ratio was between 2.72 and 3.59, decreasing with 
increasing crosslinking density. The r1/r0 value of 3 in the calculations therefore generally 
approximates the experimental systems. Note that we are justified in using minimum energy 
calculations to determine the local structure of the different phases since the experimental system is 
effectively in the zero-temperature regime ( ) as demonstrated.9,46 Since , the 𝑈0 ≫ 𝑘𝐵𝑇 𝑈0 ≫ 𝑘𝐵𝑇
system is non-ergodic and not necessarily in the ground state; our minimum energy calculations 
therefore only allows us to predict the local structure of the system. A more accurate modelling of 
the system (including defects), would require particle-based simulations at finite temperature which 
take into account the kinetic history of the sample due to uniaxial compression.9

Noteworthily, several non-intuitive structural motifs observed in the experiments are found in the 
theoretical evaluation of the minimum energy phases of particles interaction via Jagla potentials. For 
example, the calculations show the phase transitions from a hexagonal non-close packed phase to a 
chain phase (particularly the compact chains that are observed experimentally) for -parameters 𝑔

. Similarly, rhomboid phases are found for convex potentials with . At high pressures, ≥ 1 𝑔 < 1
hexagonal phases have the lowest energy for all chosen g parameters. Despite this general 
coincidence, there are clear differences between the phase behavior as calculated from Jagla pair-
wise interactions and the experimental observations. The calculations are able to resolve the phases 
in high detail and differentiate between loosely packed and dense chain structures. In contrast, the 
experimentally observed phases are more irregular and disordered. A distinction between loose and 
compact chains cannot be made and the difference between rhomboids and squares is blurred. We 
also do not experimentally resolve the frequent change between phases found in the calculations, 
but rather observe a coexistence of phases. The restriction of our theoretical model to one particle 
per unit cell precludes the appearance of more complex phases, such as small clusters or complex 
chains that are seen in the experiments. Some phases observed in the phase diagram restricted by 
the single-partilce unit cell may be proxies for more complex phases. As an example, the rhomboid 
phase observed at the highest pressure in Fig. 7a is probably a proxy for a complex chain phase that 
we previously observed for a theoretical model involving two particles per unit cell. 9 

Figure 7: Calculated phase diagram of core-shell particles interacting via Jagla potentials with a shell to core ratio r1/r0 of 3. 
a) Calculated phase diagram for different g parameters and external pressures. The different colors correspond to different 
phases: hexagonal arrangements are colored violet, loose chains are red, compact chains green, squares blue and 
rhomboids yellow. b) Interaction potential used for the calculations according to Jagla and snapshots of the calculated 
minimum energy phases. 

In the following, we hypothesize on the connection between experimental phase behavior and the 
phase behavior theoretically predicted by Jagla phases, using a heuristic picture of the interfacial 
morphology of soft particle systems. 
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We first focus on the similarities between theory and experiments. We have previously argued that 
the interfacial morphology of core-shell particles can influence the interaction potential.9,46,47,57 In 
particular, for an ideally two-dimensional corona structure extending from a hard core, potential 
shapes approximating Jagla-type interactions can be hypothesized. When assuming that the polymer 
coronae generate a repulsive behavior that scales with their overlap upon compression, a long-range 
repulsive shoulder may arise. Based on these considerations, three key criteria to observe Jagla-like 
phases have been identified: i) a hard core is required to generate the two characteristic length 
scales; ii) the corona needs to be very flat and confined to the interface to limit the overlap volume 
upon compression;9 iii) the degree of connectivity between polymer chains forming the corona needs 
to be minimized, so that the corona can locally collapse with certain neighbors (i.e. within a chain), 
but maintain a corona-corona contact with others (i.e. in-between chains).57 We now argue that 
these criteria are at least partially fulfilled in the present experimental system. The core-shell nature 
naturally provides the two length scales. The batch synthesis process is known to provide long, 
dangling chains with limited crosslinking at the periphery, as the crosslinker is predominantly 
integrated at early stages of the reaction, close to the core.59  In fact, the AFM images shown in 
Figure 2 support the presence of a very thin, spread out corona and a clear separation from the core. 
Note that for typical semi-batch processes, the distinction between core and shell is much more 
blurred, presumably due to a more homogeneous distribution of crosslinking points.57  As thus, the 
general formation of non-intuitive chain network and rhombic phases in the experimental system 
may be rationalized from an assumed Jagla-like interaction behavior. 

Next, we focus on differences between theory and experiment, notably the poor resolution of the 
phases in experiment. While the different reactivity of monomer and crosslinker59 provides the 
required interfacial morphology in our batch synthesis (Figure 2),57 it can be assumed that it also 
causes inhomogeneites in the corona structure. With little crosslinker available at later stages of the 
reaction, we expect that the outer part of the shell to consist mainly of linear PNIPAM polymer 
chains. However, due to the free radical polymerization process, these shells will have a comparably 
broad molecular weight distribution. Upon adsorption the air/water interface, we assume that the 
corona is predominantly formed by these linear dangling chains, since they are most flexible and can 
more readily adsorb and spread at the interface to reduce surface tension. Assuming a broad 
molecular weight distribution of these chains, the formed corona may thus be inhomogeneous in 
width, a picture that is supported by the AFM phase images (Fig. 2a), and indirectly evidenced by the 
low hexagonal order parameter for particle systems with low crosslinking density, as discussed 
above. These inhomogeneities in the corona structure may explain why the experimentally observed 
structures are less defined compared to the calculated ones.

We now discuss the differences in phase behavior of the different particle systems based on the 
hypotheses provided above. We start with the hypothesis  that the repulsive potential of the core-
shell particles can be ascribed to steric repulsions between overlapping shells and we assume that 
the overlap volume influences the shape of the repulsive interaction potential.57 We assume that 
purely long polymer chains attached to a core form an overlap that can be approximated by a linear 
ramp potential, evidenced by a close agreement between simulations based on Jagla-potentials with 
g=1 and experiments using more defined model systems with uniform, non-crosslinked shells.9,46,55 In 
the present case, we note that the experimental systems with low crosslinker concentration form 
chain networks (Figure 3, Figure 6), which coincide with regions in the theoretical phase diagram 
around g=1 (Figure 7). 

Increasing crosslinker content leads to a denser polymer network around the core. We speculate that 
in this case, the repulsion generated from compression of two polymer coronae at the interfaces is 
non-linear. Initially, the less-crosslinked polymer chains may rearrange and cause less resistance, 
while the resistance will increase when the more-crosslinked parts of the corona are forced into 
overlap at high surface pressure. This non-linear behavior would correspond to a convex potential 
shape, described by g<1. Notably, the theoretical phase diagram predicts rhomboid packing for such 
lower g parameters (Figure 7), coinciding with the experimental observation that rhomboid 
structures are observed for particles with high crosslinking densities (Figure 4, Figure 6). We should, 
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however, also point out that for higher crosslinking densities multibody interactions are likely to be 
of importance and should be taken into account in an accurate description.57 

Finally, we emphasize the presence of attractive capillary interactions, which are neglected in the 
simplistic picture of interactions via Jagla potentials, but are key to understand the observed phase 
behavior of the core-shell particles. Attractive capillary forces are present in all our synthesized 
particle systems as none exhibits any liquid/gaseous phase at very low interface coverage. Instead, all 
samples directly form clusters with corona-corona contact even with excess interfacial area available 
(Fig. S13), revealing the presence of attractive interparticle forces. As the particles are small and 
therefore gravity can be neglected, floatation capillary forces should be negligible in our systems,66–68 
yet are frequently observed for core-shell particles with a soft shell, or even plain microgels.36,69,70 
However, significant capillary attraction can still arise from contact line undulations due to 
inhomogeneities on the particle surface even when flotation forces due to gravity are negligible.71 
Huang et al. found that nanometer-sized undulations of the contact line are the origin of the capillary 
forces between large microgels (dH = 700 nm) without a rigid core as well.69 These observations 
indicate that a rigid core enhances the strain in the shell and thereby the surface roughness. Our 
experimental results corroborate with this interpretation as attractive forces seemingly increase with 
larger core diameters and larger crosslinking density, evidenced by the pronounced tendency to 
aggregate into core-core contact at low area fractions (Figure 6, Figures S8,S9).  A stable hexagonal 
non-close packed phase with the largest core sizes is only observed for the lowest crosslinker content 
(1 mol%), indicating that extended corona with little crosslinking and a high propensity to spread at 
the interface is important to counteract the attractive forces. 

So far, we discussed the balance between repulsive or attractive interactions at low surface pressure 
and we will now discuss them at higher pressures. First, we note that the transitions into complex 
phases, most notably the rhombic phase only occurs at large area fractions. In this situation, the 
interface is already crowded and the polymeric coronae significantly overlap (see e.g. Figure 3e or 
Figure S6f), especially when considering their spatial extend in the absence of compression (Figure 2). 
Therefore, we hypothesize that in these situations, the repulsion induced by the compressed 
polymer chains dominates over capillary attractions. The dominance of repulsion at high area 
fractions may explain why such phase transitions are reproduced by the repulsive Jagla-potentials, 
which are clearly an oversimplified representation of the real interfacial interactions. However, it is 
noteworthy that theoretical investigations of Grishina et al., who take into account longer range 
capillary attractions in a triangular lattice model with similar particle dimensions also recover several 
of the observed phases, including clusters and particle chains, which may indicate that capillary 
attraction indeed influences the phase behavior for such complex phases.34,72,73 A full understanding 
of the phase behavior will necessitate a direct correlation between the molecular structure of the 
particles, its morphology at the interface and the changes upon compression, and the resultant 
interaction potential. 

Conclusions

In this work, we study the influence of the crosslinking density and core size on the interfacial self-
assembly behavior of SiO2-PNIPAM core-shell particles. We find a rich phase behavior that includes 
phase transitions into rhomboid and chain phases. 

Upon compression, we observe three typical phase behaviors: (1) Core-shell particles with small 
cores and a low crosslinking density show a phase transition from a hexagonal non-close packed 
phase to chain networks. (2) Phase transitions into rhomboid phases are found for 5 and 10 mol% 
crosslinked particles and medium sized cores. (3) Core-shell particles with large cores and higher 
crosslinking densities directly aggregate and do not form hexagonal non-close packed phases. 

We corroborate the experimental results by minimum energy calculations assuming Jagla potentials 
as a simplistic representation of the repulsive interactions of the polymer coronae at the interface. 
From the comparison between similarities and differences of the theoretically predicted and 
experimentally observed phase behavior, we hypothesize on potential links between shell 
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architecture and nature of the interfacial interaction potential. This discussion remains speculative in 
nature as the true interaction potentials between hard core-soft shell particles spread at liquid 
interfaces remain to be experimentally assessed. However, even in this heuristic approach, the 
comparison yields insights into the connection between internal architecture of hard core- soft shell 
particles, the structure of the formed corona upon interfacial adsorption, and the resultant phase 
behavior. 

Experimental

Materials: Ammonium peroxodisulfate (APS, ≥ 98 %), N,N’-methylenebis(acrylamide) (BIS, 99 %), 
ethanol (EtOH, ≥ 99.8 %) and 3-(trimethoxysilyl)propyl methacrylate (MPS, 98 %) were purchased 
from Sigma Aldrich. Tetraethyl orthosilicate (TEOS, ≥ 99.8 %) was obtained from VWR Chemicals and 
ammonium hydroxide solution (30-33 % NH3 basis), isopropanol (≥ 99.8 %) and denatured ethanol 
(EtOH, ≥ 99.8 %) from ROTH. N Isopropylacrylamide (NIPAM, 97 %) from Sigma Aldrich was purified 
by recrystallization from hexane. Water was purified by using a Milli-Q system (18.2 MΩ.cm, Elga™ 
PURELAB™ Flex). All other chemicals were used as received.

Synthesis of the SiO2-PNIPAM core-shell particles: The silica cores were synthesized according to a 
modified Stöber-process.74 In a 250 mL round bottom flask, pure ethanol (137.5 g), Milli-Q water and 
NH3(aq) (11.72 g) were stirred together and heated in an oil bath to 47 °C. We varied the amount of 
water from 18 to 80 mL to obtain different particle sizes. After an equilibration time of one hour, 
TEOS (20 g) was rapidly added to start the reaction. We let the reaction proceed for 24 h and then 
added according to a modified version of Tang et al. MPS (ca. 100 µL) with a syringe to functionalize 
the cores.45 After further 24 h, the solution was cooled down to room temperature. The 
functionalized silica particles were purified by centrifugation and redispersing three times in 
denatured ethanol and three times in Milli-Q water. 

The microgel shell was grown onto the silica cores via a batch surfactant-free precipitation 
polymerization according to a modified synthesis of Tang et al.45 In a 500 mL three-neck round 
bottom flask, NIPAM (0.1414 g/ 25 mmol/L) and BIS (0 g/0 mol%, 0.0002 g/0.1 mol%, 0.0019 g/1 
mol%, 0.0097 g/5 mol%, 0.0194 g/10 mol%, respectively) were dissolved in Milli-Q water (47 mL). 
The molar ratios of BIS are related to the total amount of NIPAM. The solution was heated to 80 °C, 
purged with nitrogen and equilibrated for 30 min. Meanwhile, core dispersion (ca. 1019 nm2/100 mL) 
was added dropwise with a syringe. After the equilibration time expired, a balloon filled with 
nitrogen was used to keep the nitrogen atmosphere and the gas inlet could be removed. 
Subsequently, APS (0.0114 g/ 2 mol%) was rapidly added to initiate the reaction. We let the reaction 
proceed for 4 h and after it cooled down, we purified the suspension by centrifugation in Milli-Q 
water between 6 and 15 times. 

Characterization: Dynamic light scattering was performed with a Malvern Zetasizer Nano-ZS in 
disposable polystyrene cuvettes at a scattering angle of 173°. The hydrodynamic diameter of the 
particles was measured as a function of the temperature, ranging from 16 to 50 °C. For each 
temperature step, the measurements were performed four times after equilibration for 15 min. 

Langmuir trough compression and deposition: The core-shell particles were self-assembled at the 
air/water interface on a Teflon® Langmuir trough (KSVNIMA, area = 550 cm2, width = 7.5 cm) with 
Delrin® barriers and a platinum Wilhelmy plate. All components of the Langmuir trough were 
thoroughly rinsed with Milli-Q water and ethanol and then dried with an air jet. The trough was filled 

Page 12 of 17Soft Matter

S
of

tM
at

te
r

A
cc

ep
te

d
M

an
us

cr
ip

t

Pu
bl

is
he

d 
on

 1
1 

Ju
ly

 2
02

2.
 D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f 
H

ul
l o

n 
7/

11
/2

02
2 

4:
57

:3
2 

PM
. 

View Article Online
DOI: 10.1039/D2SM00644H

https://doi.org/10.1039/d2sm00644h


with Milli-Q water. Silicon wafers (Siltronix®) were cut to 8x1 cm2 and cleaned by ultra-sonication in 
ethanol and Milli-Q water. The wafer was fixed to a substrate holder on the Langmuir trough under a 
45 ° angle. The substrate was lowered from the top to penetrate through the air/water interface into 
the reservoir.

The core-shell particle suspensions were diluted to 0.1 wt-%, mixed with 50 % ethanol as spreading 
agent and added to the air/ water interface using a 100 μL pipette. The interface was equilibrated for 
20 minutes before starting the simultaneous compression and deposition.35,36 The barriers closed 8 
mm/min. Simultaneously, the dipper with the substrate was raised with a speed of 0.8 mm/min. 

AFM analysis: The information on the height and phase images of the deposited core-shell particles 
was extracted by AFM using a JPK NanoWizard instrument in AC mode using a NSC-36 cantilever B 
(resonance frequency 130 kHz, spring constant 2 N/m). We scanned regions of2 x 2 µm2 with a 
resolution of 512 x 512 pixels2. The images were post processed with Gwyddion, using flattening and 
median fits. 

Statistical image analysis: For each substrate SEM images were taken every 1 mm, using Inlens mode 
with a current of 2 kV and a resolution of 2048 x 1536 pixel2. For the statistical image analysis, SEM 
images were taken at each millimeter of the coated wafer with 3 kV after the PNIPAM shell was 
removed by oxygen plasma. This facilitates identification of individual particles and allows analysis of 
area fraction and interparticle distance. 

The SEM images were analysed using a custom-written Matlab software based on the thresholding 
method. The nearest neighbors of each particle were found by Voronoi tessellation. The nearest 
neighbor distribution was fitted with one or two Gauss fits. The Area fraction was determined by 
counting the numbers of black and white pixels and setting them in the relation white pixels/black 
pixels. The 2D hexagonal order parameter Ψ6 was calculated by using the formula:

(1)Ψ6 = 〈 1
𝑁𝑏〉|∑𝑁𝑏

𝑗 = 1exp (𝑖𝑛𝜃𝑗)|
where Nb is the  the bond angle between the particle and its nearest neighbors and n is set to zero. 𝜃𝑗

The r1/r0-ratio was determined from SEM image analysis when the phase transition started. At this 
point most of the particles are in shell-shell contact and some shells are already collapsed. The ratio 
was calculated by dividing the shell-shell distance through the core-core distance. 
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