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I. DYNAMIC LIGHT SCATTERING

Swelling curves of the ULC nanogels and nanogels
that have been synthesised adding 1 and 2.5 mol% of
crosslinker (BIS) are shown in Figure S1. The volume
phase transition that leads to a dramatic decrease in
size occurs at 31-32 ◦C for ULC and 2.5 mol% BIS
nanogels and at 33 ◦C for 1 mol% BIS nanogels. The
shift of VPTT in the latter case is due to the presence of
comonomer APMH, which can decrease the hydrophobic
hydration of pNIPAM [1]. All radii in Figure S1 are nor-
malized to the collapsed state (T = 50 ◦C), so that the
swelling degree is readily available from the curves. The
exact values of swollen and collapsed hydrodynamic radii
of the nanogels can be found in Table I.

FIG. S1: Hydrodynamic radii normalised to the
collapsed state as a function of temperature for ULC
nanogels (orange squares), 1 mol% BIS nanogels (blue
circles), and 2.5 mol% BIS nanogels (green triangles).

Swelling equilibrium of neutral nanogels results from
the balance between the free energies due to the polymer-
solvent mixing and due to the elastic energy of the net-
work [2]. The higher amount of crosslinker agent used
during the synthesis results in higher stiffness of the
network [3], whereas the mixing contribution depends
only on the Flory solvency parameter [4, 5] of pNI-
PAM in water. Therefore, 2.5 mol% BIS nanogels swell
much less below the VPTT with respect to 1 mol%
BIS and ULC nanogels. Interestingly, 1 mol% and
ULC nanogels show almost identical swelling degrees de-
fined as Rh(20

◦C)/Rh(50
◦C). This means that the two

nanogels have comparable softness as a result of a very
few crosslinks within the network [3, 6]. However, 1 mol%
BIS nanogels have been reported to have a more pro-
nounced core-corona structure [7] because of higher re-
activity of the crosslinker [8], whereas the ULC nanogels
have a more homogeneous internal structure as revealed
by small-angle neutron scattering [7] and atomic force mi-
croscopy in force volume mode measurements [9]. This
structural difference results in a higher deformability of
ULC nanogels and a peculiar disk-like shape upon ad-
sorption at interfaces [9].

II. STATIC LIGHT SCATTERING

Figure S2 shows the Zimm plot [10] for linear pNIPAM,
from which the molecular weight, Mw = (1.9 ± 0.5) ·
105 g/mol, and the second virial coefficient, A2 = (1.3±
0.1) · 10−3 mol·mL/g2, were determined.

FIG. S2: Zimm plot from static light scattering of linear
pNIPAM.

III. CAPILLARY VISCOMETRY

Dynamic viscosity of a suspension of spherical par-
ticles in dilute conditions is connected to their volume
fraction, ϕ, by the Einstein-Batchelor equation: η/ηs =
1 + 2.5ϕ + 5.9ϕ2, where ηs is the viscosity of water. In
case of soft particles like nanogels that can deswell and
deform, the generalised volume fraction, ζ, is commonly
used instead of ϕ [11–13]. The generalised volume frac-
tion expresses the volume occupied by the particles in
solution assuming that their volume is the fully-swollen
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state and is proportional to the weight fraction, c:

ζ =
Nvsw
Vtot

≈ ρsvsw
ρpolvdry

· mpol

mtot
= k · c (S1)

where N is the number of nanogels in suspension, Vtot is
the total volume of the suspension, mtot is the total mass
of the suspension, vsw and vdry are the volumes of a fully-
swollen and dry nanogel particle, respectively, ρpol and
ρs are the densities of polymer and solvent, respectively,
and k is the conversion constant.

At low concentrations, ϕ = ζ that gives:
η

ηs
= 1 + 2.5(kc) + 5.9(kc)2 (S2)

Figure S3 shows the relative viscosities ηr = η/ηs vs. c
of ULC and BIS-crosslinked nanogels in suspension. The
smaller the crosslinker content, the steeper the relative
viscosity increases with concentration. ULC nanogels
have the steepest increase since for the same amount of
mass they occupy the most volume. The data were fit-
ted with Equation S2 to obtain the conversion constants,
k = 48± 2, 33± 1, and 13.9± 0.2 for ULC, 1 mol% BIS,
and 2.5 mol% BIS nanogels, respectively.

FIG. S3: Relative viscosity of nanogel suspensions as a
function of concentration: ULC nanogels (orange
squares), 1 mol% BIS microgels (blue circles), and

2.5 mol% BIS microgels (green triangles). Solid lines
are fits with the Equation S2.

IV. MOLECULAR WEIGHT OF NANOGELS

Molecular weights of the nanogels,Mw, were calculated
by combining the DLS and viscometry data as reported
previously [12, 14]. In brief, by definition we can write
Mw = NAρpolvdry. The volume of a dry nanogel, vdry,
can be calculated from the viscometry conversion con-
stant, k, according to the Equation S1, which gives:

Mw = NA
ρsvsw
k

(S3)

where NA is the Avogadro’s number and vsw is the vol-
ume of a swollen nanogel that is measured directly by
DLS at 20 ◦C (vsw = 4

3πR
3
h). The molecular weights

calculated in this study are listed in Table I of the main
text and confirm that the ULC nanogels are the lightest.

V. EMULSION PREPARATION AND
STABILITY

A. Variation of oil volume fraction in emulsions
stabilised by ULC nanogels

FIG. S4: (a) Photographs of emulsions stabilised by
ULC nanogels as a function of n-decane volume

fraction: (left to right) 30 vol%, 50 vol%, 70 vol%.
(b-d) Corresponding optical micrographs (in the same

order). Scale bar is 200 µm.

Emulsions stabilised with ULC nanogels were pre-
pared at different volume fractions of n-decane (30 vol%,
50 vol%, and 70 vol%), while the concentration of ULC
nanogels was kept constant (0.020 wt%). Creaming was
observed at 30 and 50 vol% of decane, while at 70 vol%
the emulsion remained homogeneous during storage (Fig-
ure S4 (a)). In all three cases, the emulsions flowed freely
when the vial was tilted, i.e. no plug-flow was observed.
Optical microscopy revealed no signs of droplet adhesion
and flocculation, as can be seen in Figure S4 (b-d). The
average size of the droplets did not depend significantly
on the volume fraction of oil, which indicates that the
concentration of ULC nanogels, rather than their num-
ber per unit volume of oil, determines the properties of
the emulsion.
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B. Flocculation of emulsion droplets for
BIS-crosslinked nanogels

FIG. S5: Optical micrograph of emulsions stabilized by
2.5 mol% BIS nanogels at 0.06 wt% (a) and 3 wt% (b).

Scale bar is 200 µm.

Unlike the ULC-nanogel-stabilized emulsions, emul-
sions stabilized with harder nanogels at low concentra-
tions, in particular with 2.5 mol% BIS nanogels, consist
of small strongly flocculated oil droplets, as can be seen
in Figure S5 (a). However, this can be overcome by in-
creasing the concentration of 2.5 mol% BIS nanogels to
3 wt%. In this case, big individual droplets were observed
with no signs of flocculation.

The strong adhesion between droplets that results
in flocculation has been explained in the literature by
‘bridging’ of adjacent droplets by nano- or microgels ad-
sorbing at two interfaces simultaneously [15, 16]. This re-
quires individual nanogels to protrude significantly from
the surface into the aqueous phase [15]. However, the
more the packing density of nano- or microgels at the
droplet surface, the more their coronas are compressed
and cores approach each other resulting in a more uni-
form layer that prevents such ‘bridging’ events. Higher
packing densities, and consequently less flocculation, can
be achieved by either increasing emulsification tempera-
ture [15] or microgel concentration [17]. The advantage
of using ULC nanogels to stabilise emulsions is that al-
ready at low weight concentrations uniform coverage can
be achieved.

C. Interfacial tension and dilatational rheology

To better understand the difference in emulsion-
stabilising properties between linear pNIPAM, ULC
nanogels, and BIS-crosslinked nanogels, we measured the
interfacial dilatational moduli, E′ and E′′, of the n-
decane drop immersed in the respective aqueous solutions
at T = 20 ◦C. First, we checked that spontaneous adsorp-
tion of nanogels leads to a decrease of interfacial tension
(IFT), which was measured by the pendant drop method
using a drop shape analyser Krüss DSA-100S. A drop of
n-decane (V = 18 µL) was created in an aqueous solu-

FIG. S6: (a) Interfacial tension between n-decane and
an aqueous solution of linear pNIPAM (black squares),
ULC nanogels (orange circles), 1% BIS nanogels (blue
triangles), 2.5% BIS nanogels (green diamonds). (b)

Dilatational moduli E′ (filled symbols) and E′′ (empty
symbols) of the n-decane/water interface at T = 20 ◦C
as a function of surface pressure Π for linear pNIPAM
(black squares), ULC nanogels (orange circles), 1% BIS
nanogels (blue triangles), 2.5% BIS nanogels (green

diamonds).

tion of nanogels or polymer and its shape was recorded
as a function of time. Drop shapes were fitted with the
Young-Laplace equation to obtain the interfacial tension
using the Krüss Advance software. The interfacial ten-
sion reaches a value γ = 18±1 mN/m for both linear pNI-
PAM and nanogels independently of concentration. Fig-
ure S6(a) shows the IFT as a function of time at a fixed
concentration c = 0.005 wt%. Adsorption kinetics slow
down with increasing crosslinker content in agreement
with previous studies [18, 19]. However, 1 mol% BIS
nanogels do not follow this trend and adsorb faster com-
pared to ULC nanogels at the same weight concentration.
This fact is surprising, because 1 mol% BIS nanogels have
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both higher molecular weight (consequently, lower num-
ber density in solution) and higher hydrodynamic radius
compared to ULC nanogels (Table I). A possible explana-
tion is the slight positive charge of these nanogels, which
are electrostatically attracted to a negatively charged in-
terface [20].

The viscoelastic properties of the interface were mea-
sured as a function of IFT or, equivalently, surface pres-
sure of the monolayer Π(t) = γ0 − γ(t). The response
of the interface is described by the complex dilatational
modulus E∗ = dγ/d lnA = E′ + iE′′. The real and
imaginary parts, corresponding to the storage and loss
dilatational moduli, were calculated as E′ = |E∗| cos δ
and E′′ = |E∗| sin δ, respectively, where δ is the phase
angle between the area A and the interfacial tension γ.
The frequency was set to f = 0.2 Hz and oscillation am-
plitudes were within the linear viscoelastic regime. The
values of E′ and E′′ are shown in Figure S6(b).
The values of the storage modulus, E′, of linear pNI-

PAM and all studied nanogels have similar values and
follow a similar dependence on surface pressures with a
maximum at Π ≃ 15− 20 mN/m. The values of the loss
modulus, E′′, were also similar for all systems and were
always less than the elastic moduli, indicating a primar-
ily elastic response of all monolayers. We note that the
observed trends are in qualitative agreement with simi-
lar measurements of bigger pNIPAM microgels [21] and
linear pNIPAM [22].

VI. CORRELATION BETWEEN 2D
COMPRESSION STATES AND PACKING

DENSITY OF ULC NANOGELS IN EMULSION

FIG. S7: Nearest-neighbour distances between ULC
nanogels at a 2D decane-water interface obtained by

Scotti et al. [7]. Solid line corresponds to the calculated
nearest-neighbour distance between ULC nanogels in
emulsion, as discussed in the main text. Dashed line

corresponds to hydrodynamic diameter of ULC
nanogels.

Figure S7 shows the nearest-neighbour distances
vs. the surface pressure in Langmuir monolayers of ULC
nanogels measured using gradient Langmuir-Blodgett de-
position and AFM visualisation by Scotti et al. [7]. Dur-
ing the deposition, the barriers of the Langmuir trough
were constantly moving and decreasing the total surface
area of the trough. Therefore, nanogels at different com-
pression states, corresponding to different surface pres-
sures Π, were transferred onto the substrate in a sin-
gle deposition experiment. The nearest-neighbour dis-
tance at different Π was calculated from AFM images
in dry state, since it has been shown that the struc-
ture of the monolayer is preserved during drying [23, 24].
The solid line in Fig. S7 corresponds to the nearest-
neighbour distance between ULC nanogels in emulsions,
dnn = 276 ± 7 nm, calculated in this work. The dashed
line shows the hydrodynamic diameter of ULC nanogels
in solution for comparison.
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