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Nanogels with tailored hydrophobicity and their
behavior at air/water interfaces†

Ruiguang Cui,‡a Maret Ickler,‡b Johannes Menath, b Nicolas Vogel *b and
Daniel Klinger *a

The interfacial behavior of micro-/nanogels is governed to a large extent by the hydrophobicity of their

polymeric network. Prevailing studies to examine this influence mostly rely on external stimuli like

temperature or pH to modulate the particle hydrophobicity. Here, a sudden transition between

hydrophilic and hydrophobic state prevents systematic and gradual modulation of hydrophobicity. This

limits detailed correlations between interfacial behavior and network hydrophobicity. To address this

challenge, we introduce a nanogel platform that allows accurate tuning of hydrophobicity on a

molecular level. For this, via post-functionalization of active ester-based particles, we prepare poly(N-(2-

hydroxypropyl)methacrylamide) (PHPMA) nanogels as a hydrophilic benchmark and introduce gradually

varied amounts of hydrophobic propyl or dodecyl moieties to increase the nanogel hydrophobicity.

We study the deformation and arrangement of these particles at an air/water interface and correlate

the results with quantitative measures for nanogel hydrophobicity. We observe that increasing hydro-

phobicity of nanogels, either by increasing the hydrophobic moiety ratio or the alkyl chain length, leads

to decreased particle deformability and aggregation of an interfacially-adsorbed monolayer. Contrary to

what may be intuitively assumed, these changes are not gradual, but rather occur suddenly above a

threshold in hydrophobicity. Our study further shows that the effect of hydrophobicity affects the

nanogel properties differently in bulk and when adsorbed at liquid interfaces. Thus, this study establishes

the transition of interfacial behavior between soft gel-like particles to a solid spherical morphology

triggered by the increase in hydrophobicity.

Introduction

Nano-/microgels are crosslinked polymer networks that can
be swollen by solvents1 and are potentially useful as drug
delivery systems,2 microreactors,3 biosensors,4,5 or emulsion
stabilizers.6–8 Nano-/microgels are well known to adsorb effi-
ciently to air/water interfaces9,10 and serve as interesting model
systems to study the effect of particle softness on interfacial
adsorption11,12 and self-assembly.13 Especially, the assembly of
the nano-/microgels at interfaces can be used to stabilize
emulsions and foams14–20 or to transfer a particle monolayer
to a substrate for surface patterning.21–25

The interfacial morphology of such soft particles is mostly
governed by two important parameters: the network structure
and the chemical composition of the polymers forming the

network. The network structure depends to a large extent on the
colloidal preparation method and the crosslinking density.
When using conventional batch precipitation reactions for
nano-/microgel preparation, a core–corona morphology is often
observed as the result of a cross-linking gradient, because the
crosslinker reacts faster than the monomer.13,26 Nano/micro-
gels adsorb to the liquid interfaces as their constituent polymer
chains are typically surface active. The particles subsequently
stretch out at the interface under the influence of surface
tension.10,13 In particular, the less crosslinked outer region
spreads at the interface, while the more crosslinked core
deforms less, leading to a ‘‘fried-egg’’ or core–corona struc-
ture.27–29 Especially nano-/microgels with a lower crosslinking
density become softer and deform more at the interface due
to long dangling chains and less resistance of the network
to elongation, forming a characteristic expanded corona
structure.29–32

In addition, the nano-/microgels’ interfacial behavior
depends on the chemical composition of the network polymer
or copolymer.33 Especially the corresponding particle hydro-
phobicity governs their interaction with the polar water phase
and the non-polar air. This parameter is mostly controlled
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through external stimuli that change the network hydrophobi-
city, like by variations in temperature34 or pH.35 For example,
poly(N-isopropylacrylamide) (PNIPAm) nano-/microgels can
transition from a swollen state at low temperatures to a
collapsed state above their volume phase transition tempera-
ture (VPTT) around 32 1C.9 This behavior results from the
inherent amphiphilicity of PNIPAm’s repeat units. In bulk
water, the contraction of PNIPAm at high temperatures is
driven by aggregation of pendant hydrophobic isopropyl
groups, which leads to an entropy gain. At lower temperatures,
hydrogen bonding of water is energetically preferable and leads
to swelling of the polymer network.36–38 Conversely, at the water
surface, only the submerged sections of the nano-/microgels
shrink above the VPTT, whereas the chains at the interface
remain non-responsive.27,34,39,40 This loss of responsiveness at
the air/water interface is due to the orientation of hydrophobic
moieties towards the air phase. Here, the absence of surround-
ing water molecules diminishes the entropic effect.27 This
pronounced discrepancy between the behavior of collapsed
microgels in the bulk and at interfaces underlines the impor-
tance of studying the effects of hydrophobicity within soft,
water-swellable nano-/microgels.

Up to now, the majority of studies on nano-/microgels at air/
water interfaces have focused on such temperature-responsive
PNIPAm systems.27,34 However, in these cases, the transition
between hydrophilic and hydrophobic state occurs suddenly,
i.e., upon crossing the VPTT. This ‘‘all or nothing’’ behavior
prevents a gradual modulation of hydrophobicity, thus hinder-
ing a systematic correlation between network hydrophobicity
and the interfacial properties. Consequently, an experimentally
more direct approach is required to systematically vary the
colloidal hydrophobicity. This could be realized through con-
trolling the chemical composition of the network copolymer.
One approach is varying the number and length of hydrophobic
side chains within the network,41,42 which, however, is experi-
mentally difficult. In conventional precipitation polymeriza-
tions, the composition of the network can only be varied
through the used (co-)monomers, which requires the copoly-
merization of hydrophilic and hydrophobic monomers.43 How-
ever, this may change the polymerization kinetics, can produce
gradients, and may affect crosslinker distribution.44–48 Another
approach is to introduce hydrophobic monomers to hydro-
philic nano-/microgels resulting in nano-/microgels infiltrated
with hard nanoparticles via seeded emulsion polymerization,
which can lead to more inhomogeneous internal particle
architectures.49–51 As a result of both approaches, the hydro-
phobicity of the network is coupled to other nano-/microgel
features and different microgels are difficult to compare.

To overcome this challenge and provide nanogels (NGs) with
comparable architecture but changing hydrophobicity, we con-
trol the amount of hydrophilic and hydrophobic groups after
particle synthesis. For this, we use reactive precursor colloidal
particles, whose internal network can be functionalized with
the desired side groups via active ester chemistry. This post-
functionalization protocol guarantees control over the chemical
composition of the network while keeping the colloidal features

of the produced nanogels similar to the precursor particles.52,53

In our former work, we have shown that in such nanogels,
hydrophobic moieties such as cholesteryl or dodecyl groups can
form ordered internal hydrophobic nanodomains53 and exhibit
higher Young’s moduli.54 Based on these studies, we suggest
that similar particles represent suitable platforms to investigate
the effects of hydrophobicity on the nanogels’ behavior at air/
water interface.

Using our synthetic platform, we synthesize a library of
nanogels with varied hydrophobicity but consistent colloidal
features. We systematically vary the hydrophobicity of the
nanogels by tuning the ratio between hydrophilic 2-hydroxyl
propyl groups and different hydrophobic groups, i.e., either
short propyl groups or long dodecyl chains. For the resulting
nanogels, we investigate the position and deformation at the
air/water interface as a function of hydrophobicity. We use
in situ gel-trapping and ex situ atomic force microscopy to
analyze the morphologies. We correlate the observed differences
in interfacial properties with the nanogels’ compressibility at the
interface, studied by compression curves on a Langmuir trough.
Furthermore, we show that hydrophobicity changes the surface
patterns that are created when interfacially-adsorbed particles are
transferred to a solid substrate.

Materials and methods
Materials

Amino-2-propanol (HPA), acryloyl chloride and ethylene glycol
dimethacrylate (EGDMA) were obtained from Sigma Aldrich.
Acryloyl chloride was purified via vacuum distillation. EGDMA
was filtered through a short Al2O3 column to remove the
inhibitor prior to use. 2,6-Lutidine, ammonium persulfate
(APS) and sodium dodecyl sulfate (SDS) were purchased from
Merck. Pentafluorophenol (PFP) was purchased from fluoro-
chem. Triethylamine (TEA) was purchased from abcr GmbH.
Propylamine (PROPA) was purchased from TCI. Dodecyl amine
(DODA) was purchased from Thermo Scientific. Kelcogels

gellan gum was provided by CPKelco and sodium chloride
purchased from Honeywell chemicals. Sylgard 184 (polydi-
methylsiloxane (PDMS) gel along with its curing agent) was
purchased from Dow Corning. All chemicals were used as
received unless noted otherwise. De-ionized (DI) water was
obtained from LaboStar TWF systems (18.2 MO cm, Siemens
Ultrapure Water Systems).

Synthesis of PROPA and DODA nanogels

We synthesized PROPA and DODA nanogels through the func-
tionalization of preformed precursor particles.52,54,55 (1) The
monomer pentafluorophenyl methacrylate (PFPMA) was syn-
thesized according to a literature procedure.56 (2) We synthe-
sized the precursor nanoparticles (PPFPMA) via emulsion poly-
merization according to modified literature procedures.6,52

Typically, 256.8 mg (0.890 mmol) SDS as surfactant were added
into a 250 mL flask, followed by adding a mixture of 21 g
monomer PFPMA (83.3 mmol) and 153.4 mL (0.083 mmol)
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crosslinker EGDMA. Then 210 mL water were added to the flask
to obtain the final SDS concentration of 4 mM. The flask was
placed in a 60 1C oil bath and deoxygenated by bubbling with
nitrogen for 90 min. After that, 2 mL deoxygenated aqueous
solution of 126.6 mg mL�1 APS (1.1 mmol in total), were added
to the system to initiate the reaction, which was allowed to
proceed for 5 days. Then PPFPMA particles were purified
by centrifugation at 10 000 rpm for 20 min and washing
with water, repeated 4 times. Finally, the water dispersion with
precursor particles was freeze-dried to give a white powder with
a yield of 75% (16 g). (3) PROPA and DODA nanogels were
prepared by post-functionalizing PPFPMA particles according
to the literature.52 Typically, 2 g (7.9 mmol PFPMA units)
PPFPMA precursor powder were dispersed in 150 mL DMF
using a ultrasonication bath. Then, a defined amount of
propylamine (PROPA) or dodecyl amine (DODA) was dissolved
in 25 mL DMF in a vial, followed by adding the corresponding
amount of 2-hydroxylpropyl amine (HPA), as summarized in
Tables 1 and 2. The amine mixture was then added into the
flask with the PPFPMA precursor dispersion, after which 3.310
mL TEA (23.64 mmol) were added. The mixture was left to react
for 6 days under stirring at 40 1C (PROPA), and at 60 1C (DODA).

The resulting nanogels were purified by dialysis against DMF,
changing solvent every two days for five times in total and
subsequently against water, changing the water phase three times
a day for another week. The nanogel dispersion was concentrated
by centrifugation at 10 000 rpm for 2 hours and redispersion in
water. The final concentration was gravimetrically determined by
lyophilizing aliquots of the nanogel dispersion. The final required
concentration was then adjusted by dilution with water. Before
usage for air/water interfacial behavior studies, the nanogels were
purified by washing 3 times via centrifugation and redispersion.
Here, for washing 1 : 1 water/ethanol mixture was used for PROPA0–
PROPA40 and DMF for DODA10 and DODA40. In the final cycle, all
particles were washed and redispersed in water.

Synthesis of PROPA and DODA polymers

To prepare samples for the contact angle measurements and
solubility measurements, we synthesized the respective non-

crosslinked PROPA and DODA polymers. For these polymers,
we first synthesized the PFPMA precursor particles without
crosslinker while keeping other synthetic parameters the same.
Afterwards, the same feed ratios of reagents and the same
reaction conditions as for the crosslinked nanogels were used
to prepare the linear PROPA and DODA polymers.

Solubility of PROPA polymers

The solubility of the respective PROPA polymers in water was
measured as such: 50 mg PROPA10 to PROPA40 polymers were
added to individual centrifuge tubes. Subsequently, 1 mL water
was added to each tube, and the samples were stirred for one
day. The solubility of polymers was measured after centrifuga-
tion of the samples at 5000 rpm for 10 minutes to separate
the supernatant and the possible sediment. The supernatants
and the sediments were then freeze-dried to gravimetrically
determine the solubility of polymers in water.

Calculation of Flory–Huggins parameters of polymers in water
and log P values

Flory–Huggins parameters of polymers and water indicate the
affinity between polymers and water and were calculated according
to previously developed methods as described in the literature.6

The log P value is the decadic logarithm of the partition coeffi-
cient (P) between water and hydrophobic 1-octanol and can
indicate the hydrophobicity of a compound. Herein, we calculated
log P values with the software MOE 2022.02 (Molecular Operating
Environment; Chemical Computing Group ULC, Montreal, QC,
Canada).57,58 As input, log P(o/w) values of the corresponding
DODA or PROPA polymers with 10 repeating units were pre-
dicted with the ‘Calculate Descriptors’ function (class: 2D,
code: log P(o/w)).

Gel trapping experiments

To enhance the observation of nanogel deformation and posi-
tioning at the air/water interface, we employed the gel trapping
technique that immobilizes the nanogels within a gel matrix,
modifying a method described by Paunov et al. in the
literature.59 In brief, 0.1 wt% gellan gum was dissolved in water
at 80 1C and mixed with 0.3 wt% sodium chloride. Subse-
quently, a nanogel dispersion in a 1 : 1 volume ratio water/
ethanol mixture was added to the surface of this solution by a
pipette. As the solution cooled down to room temperature, the
water phase transformed into a gel. Subsequently, an approxi-
mately 5 mm thick PDMS gel layer was created by blending
PDMS base and curing agent in a 10 : 1 weight ratio and gently
pouring it over the gellated gellan gum layer. This assembly was
then left in a fume hood for 48 hours. Afterwards, the PDMS gel
was carefully removed, and any residual gellan gum was washed off
with hot water. The initial positions of the nanogels in the water
phase, showing up as protrusions from the PDMS were determined
using Atomic Force Microscopy (AFM) on the PDMS gel surface.
The initial positions in air were identified by the cavities left within
the PDMS gel after the nanogels were removed via tape peeling.

Table 1 Used amounts of HPA and PROPA for PROPA NGs synthesis

HPA Propylamine

Volume
[mL]

Mass
[g]

n
[mmol]

Volume
[mL]

Mass
[g]

n
[mmol]

PROPA0 1.873 1.787 23.8 0 0 0
PROPA10 1.686 1.608 21.4 0.196 0.141 2.4
PROPA20 1.498 1.429 19.0 0.393 0.283 4.8
PROPA30 1.311 1.251 16.7 0.589 0.424 7.1
PROPA40 1.124 1.072 14.3 0.786 0.565 9.5

Table 2 Used amounts of HPA and DODA for DODA NGs synthesis

HPA Dodecyl amine

Volume [mL] Mass [g] n [mmol] Mass [g] n [mmol]

DODA10 1.686 1.608 21.4 0.438 2.4
DODA40 1.124 1.072 14.3 1.753 9.5
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Characterization

The hydrodynamic diameters of the nanogels were measured
using dynamic light scattering (DLS) with laser wavelength of
638 nm at the scattering angle of 901 (Nicomp Nano Z3000
Gauss system). Transmission electron microscopy (TEM)
images were obtained by the scanning transmission electron
microscopy (STEM) mode with the acceleration voltage of 30 kV
and current of 10 mA (Hitachi FE-SEM SU8030). Scanning
electron microscopy (SEM) images were measured using a Zeiss
Gemini 500 and a voltage of 1 kV. Fourier-transform infrared
spectroscopy (FT-IR) spectra were measured over the range of
4000 to 650 cm�1 (Shimadzu IRSpirit QATR-S ATR FT-IR
system). Atomic force microscopy (AFM) images were obtained
by using a JPK Nano Wizard and Anfatec NSC 18 cantilevers.
The contact angle measurements were conducted with the
Dataphysics OCA 20 instrument using the sessile drop method,
where a 5 mL water droplet was deposited to the polymer film
and was allowed to equilibrate to obtain the contact angle.

Interfacial characterization

We applied the simultaneous compression and deposition method
as described by Rey et al.31,60,61 We used a Teflon Langmuir–
Blodgett trough (KSV NIMA) (area = 243 cm2, width = 7.5 cm) with
Delrin barriers. We filled the trough with Milli-Q water, cleaned the
water surface by suction with a peristaltic pump and measured the
surface pressure using a Wilhelmy plate. The nanogel dispersion in
water was mixed with an equal volume of ethanol before spreading.
The dispersion was spread dropwise using a 100 mL pipette and
equilibrated for 20 min. Upon start of the experiment, the barriers
were closed at a speed of 4 mm min�1. The monolayers were
deposited with a dipping speed of 0.8 mm min�1 to 5 � 1 cm2

N-type silicon wafers (LG Silicon Inc.), which were previously
cleaned with ethanol and oxygen plasma (Diener). The substrate
was mounted to the dipper at a 451 angle. The AFM measurements
for nanogels at low surface pressure were conducted on dried
particles that were transferred from the air/water interface at
surface pressure of around 5 mN m�1 onto a solid substrate. The
nearest neighbor distance between nanogels were obtained by
analyzing the SEM images with over 100 nanogels.

Results and discussion
Synthesis and characterization of nanogels: influence of
network composition on hydrophobicity

To study the influence of nanogel hydrophobicity on their
interfacial properties, we first prepared a library of nanogels
with varying hydrophobicity, namely, PROPA nanogels and DODA
nanogels (Fig. 1a). The nanogel networks are composed of amphi-
philic copolymers featuring hydrophilic moieties (2-hydroxyl
propyl amide groups—HPA) and hydrophobic moieties (propyl
amides for PROPA nanogels and dodecyl amides for DODA
nanogels). Thus, we suggest that the hydrophobicity of the
nanogels is defined by the molar ratio of the hydrophobic
moieties. This is represented by the number in the sample
name, e.g., PROPA10 nanogels contain 10 mol% propyl amide

side groups and 90 mol% 2-hydroxy propyl amide side groups.
Importantly, PROPA0 nanogels do not contain any hydrophobic
PROPA or DODA moieties, thus the polymer backbone structure
equals the well-known hydrophilic polymer poly(N-(2-hydroxy-
propyl)methacrylamide) (PHPMA). We utilize PHPMA as a
benchmark to assess the influence of hydrophobic moieties,
PROPA or DODA, on the nanogel properties. In the following,
we will refer to these PHPMA nanogels as PROPA0 or DODA0 to
simplify the comparison with the nanogels with various
amount of PROPA or DODA moieties.

All nanogels were synthesized via a post-functionalization
protocol,52,54 i.e., reactive pentafluorophenyl ester moieties in
the precursor particles were replaced by hydrophilic and hydro-
phobic amines in defined molar ratios (Fig. S1, ESI†).55 The
complete substitution of reactive groups by amines was verified
by FT-IR spectra (Fig. S1, ESI†). This post-functionalization
protocol thus provides a library of nanogels with varying
hydrophobicity while keeping similar colloidal features such
as crosslinking density and size distribution. Notably, this post-
functionalization method has been proven to be effective and
quantitative, resulting in nanogel compositions that match the
input ratios.6,52

All PROPA and DODA nanogels exhibit a homogenous
spherical morphology with narrowly dispersed sizes. This is
evidenced by their hydrodynamic diameters (dh) (Fig. 1b) and
their TEM images (Fig. 1c–i). For PROPA nanogels, dh decreases
with increasing amount of hydrophobic PROPA moieties
(Fig. 1b). Notably, this decrease is not linear: while PROPA0 and
PROPA10 show comparable hydrodynamic diameters around
250 nm (Fig. 1b), dh of PROPA20 decreases to 190 nm, and
PROPA30 and PROPA40 show a further decrease in diameter to
160 nm (Fig. 1b). This value is close to the diameter of the
precursor particles (156 � 12 nm), thus indicating that these more
hydrophobic particles do not significantly swell in bulk water. For
DODA-functionalized nanogels, the decrease in hydrodynamic
diameter is more pronounced and occurs more rapidly: DODA10
already shows a much smaller diameter (173 � 34 nm) than
PROPA10, and dh does not change significantly for increasing
the DODA content to DODA40 (167 � 12 nm). Thus, both DODA
nanogels swell as little as the most hydrophobic PROPA-based
nanogels (PROPA30–40).

In addition to their size in aqueous dispersion, we calcu-
lated the diameters of the dry nanogels by TEM image analysis
(Fig. 1j and Fig. S2, ESI†). It can be seen that these values follow
a similar trend as the hydrodynamic diameters. PROPA0–
PROPA10 are in the range of 160 nm, PROPA20 around
130 nm, and PROPA30–PROPA40 around 100 nm. Again, the
sizes of both DODA nanogels are similar to the more hydro-
phobic PROPA30 and PROPA40 nanogels, with DODA10 at
around 100 nm and DODA40 at around 115 nm. The larger
size of more hydrophilic nanogels from TEM measurement
should be due to their more flexible network and flattening on
the TEM grids.54 Overall, the decrease of nanogel size and dh

suggests that the degree of swelling and the flexibility of the
network depend on the amount and length of hydrophobic
alkyl side chains., i.e., on the network hydrophobicity. However,
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clear differences between the PROPA and the DODA nanogels are
visible: for PROPA-based nanogels, a rather sudden change in
hydrophilicity is observed between PROPA10 and PROPA30. In
contrast, DODA-based nanogels already exhibit a hydrophobic,
collapsed character with the lowest amount of DODA (10%).

To systematically examine these influences, the hydrophobicity
of the PROPA and DODA nanogels should be quantified,

i.e., connecting a specific network composition to a numerical
measure for hydrophobicity. For this, we focused on static contact
angles as a measure for hydrophobicity (Fig. 1k). Since direct
measurement on nanogel films could lead to artifacts due to
surface roughness,62 here we prepared spin-cast films from linear
PROPA and DODA polymers as non-crosslinked analogues to the
nanogel networks (see Materials and methods section for synthetic

Fig. 1 Functionalization of precursor particles gives access to well-defined nanogels with narrow size distribution, homogeneous morphology and
controlled hydrophobicity. (a) Nanogel hydrophobicity can be varied by changing the content of hydrophobic PROPA and DODA groups in the
amphiphilic network copolymers. Note that for our nomenclature, PROPA0 equals DODA0, because the polymer backbone structure of PROPA0 or
DODA0 is the same as the hydrophilic polymer poly(N-(2-hydroxypropyl)methacrylamide) (PHPMA). (b) Hydrodynamic diameters of the nanogels
decrease with an increasing network hydrophobicity, i.e., an increasing PROPA/DODA content. (c)–(i) TEM images of PROPA and DODA nanogels show
well-defined particles with homogenous spherical morphology and narrow size distribution. The scale bar is 500 nm for all images. (j) Diameters of the
nanogels calculated from TEM images decrease with increasing PROPA/DODA content, thus suggesting a decreasing network flexibility with increasing
hydrophobicity. (k)–(m) Network hydrophobicity can be controlled by the PROPA/DODA content. An increasing amount of hydrophobic groups
increases the hydrophobicity as shown by: (k) contact angles of films from PROPA/DODA polymers, (l) calculated Flory–Huggins parameters between
PROPA/DODA polymers and water, and (m) calculated log P values of the PROPA/DODA polymers.
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details). The contact angle of PROPA0 is 36 � 01, indicating that
PROPA0 is hydrophilic. With an increasing amount of propyl
chains, the contact angle increases to 63 � 11 for PROPA10 but
keeps almost constant from PROPA10 to PROPA40 with a value
near 651. In contrast, introduction of dodecyl groups has a more
pronounced influence on the hydrophobicity, with contact angles
of 80 � 11 for DODA10 and 101 � 11 for DODA40.

To interpret the contact angle values, it can be stated that,
generally, a surface with a contact angle above 901 is defined as
hydrophobic.63–65 This would mean that only the DODA40
sample is actually hydrophobic. However, the small hydrody-
namic diameters of DODA10, PROPA20, and PROPA30 are in
the same range as the dh of DODA40. Apparently, in these
nanogels the hydrophobic character already dominates as well.
This can be explained by the ‘‘Berg limit’’, which refers to a
contact angle of around 651 that has also been discussed as the
threshold for hydrophobicity in biological systems.66,67 In this
context, the contact angles of PROPA10 to PROPA40 polymer
films all reside near the ‘‘Berg limit’’, thus suggesting a hydro-
phobic character of all macroscopic PROPA films. In contrast,
the bulk swelling behavior of the nanogels shows a clear
difference between PROPA10 and PROPA40. These differences
underline the different effect of hydrophobic groups in a
hydrophobic environment (i.e. air) and a hydrophilic environ-
ment (i.e. water).

Since the contact angles of PROPA10 and PROPA40 do not
sufficiently differentiate their hydrophobicity, we conducted a
solubility evaluation of PROPA10 to PROPA40 polymers in water
to further study the hydrophobicity differences. We added 1 mL
water to 50 mg of the corresponding PROPA polymers and
stirred them for one day. From the optical images (Fig. S3, ESI†),
we observed that the PROPA10 polymer dispersion is completely
transparent, indicating its complete dissolution in water, while
PROPA20 dispersion is opaque and only slightly turbid. In con-
trast, PROPA30 and PROPA40 polymer dispersions show very high
turbidity. The quantitative solubility in water verifies the observed
trend, with the values of solubility decreasing from PROPA10
(450 mg) to PROPA20 (23 mg mL�1) and finally to almost zero
for PROPA30 (1 mg mL�1) and PROPA40 (2 mg mL�1). These
solubility measurements clearly indicate the transition of hydro-
phobicity between PROPA10 and PROPA30.

Moreover, we calculated the Flory–Huggins parameters (FHP)
between polymers and water to assess the hydrophobicity.
Generally, the FHP between polymer and a solvent indicates
their affinity, where a value smaller than 0.5 signifies that the
polymer is soluble, while a value larger than 0.5 suggests
incompatibility (i.e. that the polymer is insoluble). Our calculated
FHP between PROPA/DODA polymers and water increase with the
propyl and dodecyl content (Fig. 1l). The results suggest that
PROPA0 is hydrophilic with FHP o 0.5, while PROPA30, PROPA40
and DODA40 are hydrophobic with FHP 4 0.5. PROPA10,
PROPA20 and DODA10 are at the boundary of transition from
hydrophilic to hydrophobic.

As an alternative measure, we also calculated the log P values
of all polymers (Fig. 1m). Generally, the log P value is the
logarithm of the partition coefficient (P) of a compound in a

hydrophobic solvent and water. If the value is smaller than 0,
the compound is hydrophilic. If it is larger than 0, it is
hydrophobic. Our calculated log P values indicate that PROPA0
and PROPA10 are hydrophilic, while PROPA40, DODA10, and
DODA40 are hydrophobic. PROPA20 and PROPA30 are transi-
tioning from hydrophilic to hydrophobic.

The slight difference between the FHP and log P results arise
from their different calculation methods and considerations.
Note that the slopes for FHP and log P vs. PROPA/DODA content
are steeper for the DODA samples than for the PROPA samples,
thus suggesting a stronger influence of the longer dodecyl
chains on the hydrophobicity. The slower increase in the slopes
of the FHP and log P curves against propyl content suggests that
propyl chains exert a subtle and consistently gradual control
over the hydrophobicity of the polymers.

Overall, we showed that the hydrophobicity of the nanogels
can be controlled by changing the molecular structure of the
network, i.e., the copolymer composition. Here, the longer
dodecyl side chains strongly influence nanogel hydrophobicity.
Already small molar ratios of 10 mol% DODA lead to hydro-
phobic characteristics, as evidenced by all analysis methods
shown in Fig. 1. For the shorter propyl side chains, our analyses
suggest that the transition from hydrophilic to more hydrophobic
characteristics occurs more gradually and can be observed
between PROPA10 and PROPA30. PROPA20 seems to be in
between these two extremes.

Deformation of nanogels on a surface: influence of network
composition on elasticity

Having established a correlation between network composition
and particle hydrophobicity, we examine the structural proper-
ties of the nanogels as these govern the nanogels deformability.
This becomes important at liquid/liquid and liquid/air inter-
faces, where the stretching of nanogel networks is determined
by the interplay between surface tension and their bulk
elasticity.30,68,69 We assume that the elasticity strongly depends
on the hydrophobic groups in the nanogels’ network. This
assumption is based on our previous work, where we showed
that in an aqueous dispersion, pendant hydrophobic groups
form hydrophobic nanodomains in the nanogels’ interior.53

It is known that such domains act as additional physical
crosslinks with an increasing number of hydrophobic interac-
tions leading to more rigid nanogels due to a higher overall
crosslinking density.41,42,53,54 To examine this proposed effect,
we determine the deformation of PROPA and DODA nanogels
via AFM. These experiments were performed on dried particles
transferred from the air/water interface onto a solid substrate
(see the interfacial characterization part in the Materials and
methods section for Experimental details).

Representative AFM height images are shown in Fig. 2a–f for
PROPA0–PROPA40 and DODA10. To determine the deforma-
tion, we quantify both width and height from AFM line scans
and average 10 nanogels for each curve (Fig. 2g). This analysis
shows that nanogels with low PROPA contents exhibit a large
deformation: PROPA0 and PROPA10 have small heights of
around 30 nm and large widths of 275 nm. Increasing the
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PROPA content leads to an increasing height and a slightly
smaller width, e.g., PROPA20 exhibits a height of 43� 3 nm and
a width of 261 � 8 nm. Further increasing the PROPA content
causes a sudden change in height and width: PROPA30 and
PROPA40 both exhibit a much larger height of 103 � 6 nm
and 95 � 6 nm, respectively, and a corresponding width of
167 � 10 nm and 160 � 14 nm. Thus, we conclude that upon
increasing the PROPA content from PROPA10 to PROPA30, the
nanogels transit from a flexible and highly deformed state to a
more rigid and spherical morphology. This transition range
correlates with the change of dh observed in the bulk dispersion
and the macroscopic contact angles (Fig. 1).

For DODA nanogels, even with a low DODA content of
10 mol% (DODA10), the nanogel profile already suggests a high
rigidity with a height of 89 � 5 nm and width of 156 � 8 nm.
These values are similar to the most hydrophobic PROPA30 and
PROPA40 nanogels, corroborating the bulk properties which
show a small hydrodynamic diameter. Clearly, the dodecyl
chains are efficient in rendering the nanogel hydrophobicity,
thus causing additional physical crosslinking that limits swel-
ling and deformation. This stronger influence on the nanogel’s
rigidity from dodecyl side chains than from propyl side chains
is consistent with the corresponding higher contact angles,
larger FHP values and larger log P values as discussed above.

Gel-trapping to examine the 3D deformation of nanogels at the
air/water interface

The results above describe the deformation of the nanogels on
a substrate, thus giving access to the elasticity of the individual
nanogels. On the air/water interface, however, the elasticity
competes with the interfacial tension, which can lead to a
different deformation behavior. Therefore, to visualize the
position and shape of the different particles directly at the
air/water interface, we used the gel-trapping technique,59 as
illustrated in Fig. 3a. This technique involves spreading the
nanogel dispersion in a water/ethanol mixture on the surface of
a gellan gum aqueous solution. This aqueous solution was
liquid upon spreading, and thus resembled a pure water

phase.59 However, upon cooling from 80 1C to room tempera-
ture, the solution solidified, trapping the nanogels on the
surface of a gel matrix. Subsequently, a polydimethylsiloxane
(PDMS) precursor was carefully added on top of the gelled water
phase and hardened by crosslinking. Finally, the gellan gum gel
was removed, leaving the interfacial nanogel layer adsorbed
within the PDMS film. Thus, using AFM imaging, the initial
interfacial position of the nanogels can be characterized.

AFM height images taken on the PDMS side show the
protrusion of the interfacial nanogels (PROPA0–PROPA40) into
the original water phase (Fig. S4a–e, ESI†). AFM images of the
cavities in PDMS after the removal of nanogels provide infor-
mation on the protrusion of nanogels in the air phase (Fig. S4f–
j, ESI†). Fig. 3b shows the resulting height profiles of interfacial
nanogels that represent their protrusion into the air and water
phase. These data reveal two trends. First, the purely hydro-
philic PROPA0 shows a large penetration into the water phase,
thus suggesting pronounced swelling of these nanogels in the
water subphase. Second, for nanogels containing hydrophobic
PROPA groups, the protrusion into the water phase increases
with their hydrophobicity. This trend is especially visible when
comparing PROPA10 to PROPA40. These findings may seem
contradictory as the more hydrophobic nanogels clearly swell
less in water compared to their hydrophilic analogues (Fig. 1),
and therefore suggest that with increasing hydrophobicity the
decreasing nanogel elasticity governs their protrusion into the
water rather than their swelling characteristics.

To provide a more coherent picture, we exclude effects from
size deviations when comparing the different samples. For this,
we quantified the particle deformation by calculating height-to-
length ratios from the AFM height profiles in Fig. 3b. The
height-to-length ratios are shown in Fig. 3c as a function of
PROPA contents. Here, the height includes both the height in
water and in air. Note that for an ideal rigid round particle, the
height-to-length ratio is 1 and a low height-to-length ratio
indicates a deformed morphology. The more hydrophilic nano-
gels, PROPA0 and PROPA10, exhibit similar small height-to-
length ratios. This indicates pronounced deformation at the

Fig. 2 AFM height measurements of nanogels on a solid substrate show that nanogel deformability depends on their hydrophobicity, i.e., the PROPA and
DODA content. (a)–(f) AFM height images of PROPA0–PROPA40 and DODA10 show differences in particle deformation. Images were taken on nanogels
that were transferred to a silicon wafer from the air/water interface at low surface pressures. (g) AFM height profiles of the respective nanogels show that
nanogel deformability decreases with increasing PROPA and DODA content. All scale bars are 500 nm.
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interface, which qualitatively agrees with the AFM results from
the dry state (Fig. 2g). We assume that the high deformation
results from the swollen nature and high elasticity of the
hydrophilic nanogels, in agreement with the larger bulk hydro-
dynamic radius, the FHP, and the log P evaluation (Fig. 1).
In contrast, more hydrophobic nanogels, PROPA30–PROPA40,
show a higher height-to-length ratio, and thus a less deformed
morphology. Notably, even the most hydrophobic samples have
a height-to-length ratio much smaller than 1 (0.23 for
PROPA40), showing that these hydrophobic nanogels are still
significantly deformed at the interface. This is surprising as the
bulk properties of such hydrophobic nanogels do not indicate
pronounced swelling (Fig. 1). These results underline that
hydrophobic properties have different effects at the interface
and within the bulk. The observed trend of less deformation for
increasingly hydrophobic nanogels is in agreement with the
AFM measurements of Fig. 2. However, the sudden change in
height up to approximately 100 nm for hydrophobic nanogels is
not reproduced by gel-trapping. We assume that when drying
on a silicon wafer the adhesion of hydrophobic particles to the
substrate is low. As a result, these particles can recover their
original shape to a certain extent, which is not possible when
trapped in a gel-matrix.

Compression curves depend on the PROPA and DODA content

We have established that hydrophobicity and corresponding
elasticity of our PROPA and DODA nanogels span a broad range
between purely hydrophilic (PROPA0 and PROPA10) and rather
hydrophobic (PROPA40 and DODA40). Therefore, our library

bridges the worlds of hydrophilic soft microgels, like PNIPAm,
and hydrophobic hard particles, such as polystyrene or silica.
Since these two contrasting types of conventional particles
show tremendously different behavior at the air/water interface,
we examine the behavior of our nanogels in comparison and
assume that their behavior lies in-between these extremes.

To test this assumption, we investigated the behavior of
nanogel ensembles adsorbed to the air/water interface under
interfacial compression. We use a Langmuir trough and record
the change in surface tension for the different nanogels via
compression curves.32 To compare the compression curves of
different nanogels, we normalized the isotherms at 5 mN m�1,
which is the point at which the surface pressure visibly
increases and the formation of a monolayer of nanogels covering
the interface can be expected. Fig. 4a shows the representative
compression curves for all PROPA samples. We observe a pro-
nounced difference between PROPA0–PROPA30 and PROPA40.

For PROPA0–PROPA30, the surface pressure increases slowly
over a wide range of interfacial area and rises steeply at higher
compressions. This behavior combines typical elements from
soft hydrophilic microgels and incompressible hydrophobic
particles: at large surface areas, the behavior resembles con-
ventional microgels with a core–corona structure. For such
particles, an increase in surface pressure at large areas is
caused by the compression of loose dangling chains that
constitute the corona.70,71 Upon compression, this is then
followed by a broad plateau where the surface pressure
does not significantly rise, but the individual particles can be
compressed and deformed further.31,34 In our case, the

Fig. 3 Gel trapping experiments show that the hydrophobicity of nanogels determines their deformation at the air/water interface. (a) Schematic of the
gel trapping protocol: 1st, preparation of a gellan aqueous solution. 2nd, spreading nanogel dispersion onto the surface. 3rd, solidification of gellan into
a gel matrix. 4th, application and solidification of PDMS on the surface. 5th, AFM measurement of nanogels after cleaning the PDMS surface.
(b) Representative height profiles of PROPA0–PROPA40 show that protrusion into the water phase increases with nanogel hydrophobicity, with the
exception of PROPA0, which also shows a pronounced protrusion due to increased swelling. (c) Height-to-length ratio of PROPA nanogels extracted
from the AFM measurements show that nanogel deformation decreases with increasing PROPA content. (d) Illustration of different deformation of
PROPA0 vs. PROPA40: more hydrophobic nanogels deform less than hydrophilic nanogels at air/water interface.
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PROPA0–PROA30 nanogels show a comparable increase in
surface pressure at large surface areas, albeit this increase is
less pronounced than in typical nanogels formed by precipita-
tion polymerization. At small surface areas, a sudden rise of the
surface pressure in our samples indicates the formation of a
close-packed layer. This resembles the case of incompressible
particles which typically show a negligible rise in surface pressure
over most of the compression, until a monolayer covers the
complete interface, at which point the surface pressure rises
rapidly.72–74 The hybrid behavior of our nanogels can be
rationalized by their internal structure. The slow increase in
the compression curve relates to their compressibility, arising
from the deformation at the liquid interface (Fig. 3). In contrast
to conventional microgels, the nanogels are prepared by post-
functionalization of hydrophobic precursor particles that come
from an emulsion polymerization. We hypothesize that during
this formation of precursor particles, the crosslinker distributes
more evenly inside the monomer-swollen particles and thus
produces a more uniform crosslinking structure compared to
microgels synthesized via conventional precipitation polymeri-
zation. This, in turn, would lead to a less pronounced corona of
dangling chains compared to conventional microgels and thus
a lower degree of compressibility.

For the most hydrophobic PROPA sample (PROPA40), we
observed a profile that rather resembles an incompressible
material: this sample shows a steep rise in the compression
curve, but lacks the soft part where the surface pressure rises
slowly at larger available areas. For the more hydrophobic
DODA samples, this behavior becomes even more pronounced
(Fig. 4b). In this case, the increase in surface pressure is steeper,
indicating even less compressible nanogels. The pseudo-plateau
after the steep increase in surface pressure can be assigned to
buckling of the formed interfacial colloidal monolayer, which we
observed as a whitish and wrinkling appearance of the monolayer
for the three most hydrophobic samples (PROPA40, DODA10 and
DODA40).

Summarizing these experiments, we observed a sudden
transition from a compression behavior typically associated
with soft materials to a behavior that is typically associated
with incompressible particles between PROPA30 and PROPA40.

Interestingly, in these experiments, PROPA30 shows an inter-
facial behavior that resembles more the hydrophilic samples,
while both bulk properties (Fig. 1) and investigation of indivi-
dual particles at the interface (Fig. 2 and 3) indicate that this
sample behaves more like the hydrophobic sample PROPA40.

Structural evolution of nanogel monolayers under
compression—interparticle interactions are governed by
hydrophobicity and deformability

Varying the nanogel hydrophobicity has a pronounced effect on
their interfacial behavior as demonstrated by the different
compression curves. It is known that such a compression of
interfacially adsorbed nanogel layers changes the ordering of
the nanogels with respect to each other. To examine this effect in
detail, we now investigate the structure of colloidal monolayers as
a function of nanogel hydrophobicity and corresponding deform-
ability (Fig. 5). For this, we used the simultaneous compression–
deposition technique.13,70 In this technique, the interfacial mono-
layers were transferred to a solid substrate at specific interfacial
compressions. This enabled us to investigate the evolution of
monolayer structure as a function of the available area per particle
by SEM (Fig. 5a–p and Fig. S7, ESI†). Note that in contrast to larger
colloidal particles,71,75 the small size of the nanogels prevent a
direct observation at the interface. We therefore resorted to this
indirect way of assessing the structure via the described transfer to
a solid substrate and note that capillary forces acting during drying
can have a significant effect on the resultant morphology.22,71

We therefore discuss the resultant morphologies after drying as a
function of the particle hydrophobicity.

At low surface pressure, PROPA0, PROPA10, and PROPA20
form a hexagonal monolayer with apparently a small distance
between the nanogels (Fig. 5a, e and i). Upon closer inspection
via phase image AFM, one can identify a small corona sur-
rounding these particles (Fig. S6, ESI†), indicating that the
particles in this phase are in corona–corona contact. With
increasing compression, PROPA0 and PROPA10 show a con-
tinuous decrease in interparticle distance (Fig. 5a–h and
Fig. S5, ESI†) although small clusters of collapsed particles
are observed. These resemble ‘‘flower-like’’ structures of 4–5
nanogels aggregated around a central particle (e.g. Fig. 5b, c, f

Fig. 4 Interfacial properties under surface pressure show that PROPA and DODA nanogel ensembles combine properties of soft hydrophilic microgels
and hard hydrophobic particles. This is demonstrated by representative surface pressure–normalized area isotherms of (a) PROPA nanogels of different
hydrophobicity, and (b) comparison of PROPA nanogels and DODA nanogels.
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Fig. 5 Nanogel hydrophobicity governs their interfacial arrangement under compression. This was examined on nanogel monolayers after transfer to a
solid substrate from the air/water interface. (a)–(p) Representative SEM images show the structure of nanogel monolayers under various surface
pressures. Hydrophilic nanogels show the compression of close packed hexagonal structures: (a)–(d) PROPA0, (e)–(h) PROPA10, and (i)–(l) PROPA20. In
contrast, hydrophobic nanogels show agglomeration into chain- and island-like structures: (m)–(p) PROPA40. All scale bars are 1 mm. (q) and (r) Statistical
evaluation of the formed nanogel patterns reveal distinct differences between hydrophilic and hydrophobic nanogels. Analysis was performed on
monolayers of nanogels with different hydrophobicity after transfer to a solid surface at low surface pressure (B5 mN m�1) and include: (q) area per
particle within the transferred layer; (r) nearest neighbor distance between the nanogels.
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and g). Upon closer inspection, it seems that the central
particles are often smaller nanogels. These flower structures
likely arise from defects in the hexagonal lattices. Smaller
nanogels tend to induce defects that facilitate a collapse of
neighboring particles, a phenomenon previously observed for
PNIPAM microgels.61 Finally, at higher surface pressures the
nanogels arrange into a closed packed structure with core–core
contacts (Fig. 5d, h and l). In contrast to monolayers of
conventional PNIPAM microgels, which show a pronounced
transition from non-close packed (corona–corona contact) to
close packed (core–core contact) arrangements upon compres-
sion,31,60,70 this transition is much less pronounced in our parti-
cles. Generally, the particle packing density is higher for PROPA20
(Fig. 5i–k) than for the samples with lower PROPA content.
We assume that this is a consequence of PROPA20’s lower
deformability. Overall, PROPA20 shows a similar pattern evolution
as PROPA0 and PROPA10. In all cases, a decrease in interparticle
distance upon compression is clearly visible. However, in contrast
to PROPA0 and PROPA10, one can see particles in close contact
already at lower pressures for PROPA20.

PROPA40 monolayers show a different structural evolution
than the other PROPA nanogels (Fig. 5m–p). At a low surface
pressure (5.4 mN m�1), all particles are already agglomerated
and form island- and chain-like structures on the silicon
substrate. Upon compression, these initial agglomerates are
continuously pushed together, leading to a growth in agglom-
erate size at the expense of uncovered substrate regions (Fig. 5n
and o). Notably, even at maximum compression (PI = 47.2 mN m�1),
PROPA40 nanogels did not form a complete, hexagonal mono-
layer (Fig. 5p). We suggest that the formed network becomes so
rigid that it cannot further relax into a complete monolayer.
PROPA30 transferred to a solid substrate shows a similar
behavior to PROPA40 (Fig. S7a–d, ESI†).

We further quantified the preferred interfacial morphology
of the different particles, i.e., in a state without significant
compression (at low surface pressure of around 5 mN m�1)
(Fig. 5a, e, i and m). From the SEM images shown in Fig. 5a, e, i
and m, we quantified the average area that one nanogel
occupies within such a monolayer (Fig. 5q) and statistically
evaluated the nearest neighbor distances (NND) between neigh-
boring nanogels within this monolayer (Fig. 5r). Importantly,
the area per particle not only includes the area of one nanogel,
but also includes the space between cores. Fig. 5q shows that a
single PROPA0 or PROPA10 nanogel occupies around 0.1 mm2,
which is approximately twice the area occupied by a PROPA20 or
PROPA30 nanogel, and almost four times the area of a PROPA40
nanogel. This increased footprint of the more hydrophilic particles
is a direct consequence of their larger deformability, corroborating
our AFM investigations (Fig. 2 and 3).

PROPA0 and PROPA10 nanogels show a single peak in their
NNDs at approx. 350 nm, corresponding to the separated
particle cores visible in the SEM image of the hexagonal
monolayer (Fig. 5a and e). PROPA20 nanogels also exhibit a
single peak in the NND distribution, but at a smaller distance
of 220 nm. The larger distance between PROPA0 or PROPA10
nanogels is consistent with the larger area per particle (Fig. 5q).

In contrast, PROPA30 and PROPA40 show two peaks in the
NND distributions, one main peak at 130 nm, and a broader
peak at 210 nm, indicating two distinct nearest neighbor
distances. These peaks correspond to particles within chains
and in between chains in the aggregated state these particles
assume after transfer even at low compression. Overall, these
statistical investigations show characteristic differences between
the more hydrophilic samples (PROPA0–PROPA10), and the more
hydrophobic samples (PROPA30–PROPA40). The PROPA20 sam-
ple shows characteristics in between these two extremes. This
behavior corroborates the investigations on the single particle
level discussed above.

The morphology of the transferred monolayers of DODA-
functionalized particles closely resembles the most hydropho-
bic PROPA sample (Fig. S7e–h and i–l, ESI†). As an example, a
DODA10 nanogel monolayer already shows a percolated mor-
phology in the absence of compression. Then upon compres-
sion, the percolated network is continuously pushed together.
Similar to the case of PROPA40, the hydrophobic and rigid
character of the network prevents a complete consolidation
into a well-ordered, hexagonally close packed monolayer even
at highest compression.

The differences of these hydrophobic nanogel monolayers
compared to their hydrophilic analogues can be either a direct
agglomeration at the interface, or an increased affinity upon
drying. It is known that surfaces with hydrophobicity above the
‘‘Berg limit’’ show long-range attractive forces. While the origin
of the attractive force is still under debate,66,67 a limited
repulsion by extended chains at the interface, and a higher
affinity to other apolar surfaces76 can facilitate the formation of
agglomerated networks at the air/water interface. The stiffer
interfacial properties upon compression (Fig. 4) could be a
consequence of this agglomeration. On the other hand, the
AFM investigations on a solid substrate (Fig. 2) showed an
increased height, and the ability to collapse into a more
spherical shape on the substrate. Both factors can collude to
increase collapse of neighboring particles under the influence
of immersion capillary forces upon drying.

Conclusions

In conclusion, the hydrophobicity of nanogels significantly
influences their behavior at the air/water interface. In this
study, we have developed a library of nanogels with different
levels of hydrophobicity but comparable colloidal structure
through a post-functionalization technique. This allowed us
to isolate effects of hydrophobicity on interfacial morphology of
individual particles and the structure of self-assembled mono-
layer of such particles.

With increasing hydrophobicity, nanogels are more rigid
and less deformed at the interface. We suggest that this is the
result of increased hydrophobic interactions between their
polymer chains, thus giving additional physical crosslinks.
Surprisingly, while the more hydrophobic nanogels do not swell
in bulk water, they still experience a significant interfacial
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deformation. When compressed, the hydrophilic particles show
a more continuous transition of surface pressure, indicative of
a soft behavior. More hydrophobic particles instead show a
more sudden increase in surface pressure, indicative of a more
rigid particle network. The hydrophobicity differences also lead
to differences in the morphology of an interfacial layer upon
compression: softer particles form seemingly non-close packed
morphologies which can be compressed to heal out defects and
form a homogeneous monolayer. Particles with hydrophobi-
city above the ‘‘Berg limit’’ agglomerate upon compression and
transferring to a solid substrate afterwards, forming a rigid
network that cannot be easily compressed into a homogeneous,
dense layer.

Using well-defined nanogel model systems, we have bridged
the two worlds of hydrophilic soft microgels and hydrophobic
incompressible particles. As a consequence, our study sheds
light on the critical role of varying hydrophobicity on the
behavior of particles in the bulk and when adsorbed to liquid
interfaces. It demonstrates that the effect of hydrophobicity can
affect the nanogel properties differently in bulk and when
adsorbed at liquid interfaces. The systematic variation of
hydrophobicity in otherwise similar nanogels thus provides a
model system to facilitate understanding of hydrophobic
effects for interface-bound macromolecules.
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