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Swelling Curves and Small-Angle Neutron Scattering

The microgels used in this study have been characterized in bulk using DLS and SANS. The

swelling curves, Rh vs T , are reported in Supplementary Figure 1a. For comparison between

the different systems we report the swelling ratio, Rh/Rh,40 ◦C , as a function of temperature

(Supplementary Fig. 1b). We report the swelling curves of deuterated microgels in both H2O

and D2O in Supplementary Fig. 1c.

From the literature,1 a shift of the VPTT due to the deuteration of the polymer is

expected and observed in Supplementary Figure 1a. Similarly, exchanging H2O and D2O

leads to an increase of the VPTT.2 We measured the swelling curves of the deuterated

microgels in deuterated solvent. The comparison in Supplementary Figure 1c shows that at

20 ◦C the microgels are fully swollen and at 40 ◦C the microgels are collapsed. Consequently,

neutron reflectivity measurements were carried out in the swollen to collapsed state of the

microgels.
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Supplementary Figure 1: Dynamic light scattering (DLS) of deuterated and hydrogenated
standard and ULC microgels in water (H2O). a Hydrodynamic Radius, Rh, versus tempera-
ture. b Hydrodynamic Radius normalized by the hydrodynamic radius at 40 ◦C, Rh/Rh,40 ◦C ,
as a function of temperature. c Comparison of the swelling curve of deuterated microgels
(ULC D3 and 5 mol% D7) in H2O and D2O. The error bars are the uncertainties of the
linear fits to the decay rate versus the squared scattering vector.

The internal architecture of the microgels was investigated with SANS (Supplemen-

tary Figures 2a and b). The scattering curves were fitted with the fuzzy-sphere model.3

The results are presented in Supplementary Figures 2c and d. All microgels show the ex-

pected behaviour (see main text for more information).
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Supplementary Figure 2: Small-angle neutron scattering of deuterated and hydrogenated
standard and ULC microgels in D2O. a Intensity versus scattering vector, q, of ULC microgels
at 20 and 40 ◦C with fit (black lines). b Intensity versus scattering vector, q, of standard
microgels at 20 and 40 ◦C with fit (black lines). c Relative polymer volume fraction as a
function of the radius for ULC microgels. d Relative polymer volume fraction as a function
of the radius for standard microgels.

The characteristic lengths of the microgels are reported in Supplementary Table 1 in-

cluding the errors.
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Supplementary Table 1: Characteristic lengths of the individual pNIPAM based microgels
below and above their VPTT with errors.

Name T Rh RSANS RSANS,c 2σSANS 2R2D 2R2D,c h2D

(◦C) (nm) (nm) (nm) (nm) (nm) (nm) (nm)

5 mol% D0 20 (150 ± 2) (151 ± 10) (32 ± 2) (119 ± 8) (688 ± 33) (360 ± 22) (21 ± 2)
5 mol% D0 40 (85 ± 1) (72 ± 4) (59 ± 2) (13 ± 2) (651 ± 33) (289 ± 15) (26 ± 2)
5 mol% D7 20 (153 ± 2) (120 ± 5) (33 ± 2) (87 ± 3) (-) (-) (-)
5 mol% D7 40 (72 ± 1) (62 ± 3) (57 ± 1) (5 ± 2) (-) (-) (-)

ULC D3 20 (138 ± 1) (134 ± 5) (53 ± 2) (81 ± 3) (733 ± 111) (-) (3 ± 1)
ULC D3 40 (54 ± 1) (56 ± 4) (41 ± 2) (15 ± 2) (689 ± 134) (-) (4 ± 1)

Hydrodynamic radius in water, Rh, radius from SANS in D2O, RSANS = RSANS,c + 2σSANS

where RSANS,c is the core radius in bulk and 2σSANS is the fuzziness of the shell in bulk de-
termined by SANS. 2R2D is the interfacial (dry) diameter and 2R2D,c is the interfacial (dry)
diameter of the core. h2D is the maximum height once adsorbed (dry). The last three quantities
are determined by AFM, see Supplementary Figs. 3 and 4. Errors are the uncertainties of the
fits (RSANS, RSANS,c, 2σSANS) or standard deviations (2R2D, 2R2D,c, h2D).

Single Microgels and Microgel monolayers at Interfaces

AFM phase images of deuterated ULC microgels and hydrogenated 5 mol% cross-linked

microgels deposited at 20 and 40 ◦C are shown in Supplementary Figs. 3A, B and C, D,

respectively.

These and similar images were used to determine the probability of the total interfacial

diameter shown in Supplementary Fig. 4b. The corresponding AFM height images were used

to obtain the averaged height profiles of the dried microgels in Supplementary Figure 4a. The

averaged height profiles of the dried microgels can be compared directly to profiles extracted

from the simulations, see Supplementary Figures 4c and d. In simulations, the parameter

α allows to mimic the effect of temperature (see Methods). Here, for α = 0 and 0.5, we

observe that the experimentally observed behaviour of dried microgels is reproduced, see

Supplementary Figure 4a. Thus, we assume that α = 0 and 0.5 represent microgels at at 20

and 40 ◦C.

Combined compression isotherms with depositions can be used to investigate the prop-

erties of microgel monolayers. This procedure is explained in detail in our previous publi-

cations.4,5 After deposition the deposited monolayers were imaged with AFM. For this, the
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Supplementary Figure 3: AFM phase images. Deuterated ULC microgels are shown in a and
b and hydrogenated 5 mol% cross-linked microgels in c and d. All microgels are deposited
at 20 and 40 ◦C.

programmed move function of the Dimension Icon AFM was used to capture images of 7.5

x 7.5 µm (512 x 512 pixels) in a straight line along the gradient direction on the substrate

every 250 or 500 µm.

The AFM images of the dried microgel monolayers were analyzed with a custom-written

Matlab script based on the image analysis routine of Ref.6 The script is wildly used in the

literature to analyse images acquired with different microscopy techniques.5,7 The script can

determine the number of microgels per area, the mean nearest neighbor distances, and the

hexagonal ordering parameter.

In Supplementary Figure 5 we report the influence of compression, i.e. surface pressure,

on the center-to-center or nearest neighbor distance (NND) of the hydrogenated 5 mol%
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Supplementary Figure 4: a Mean height profiles of deposited hydrogenated 5 mol% D0
(D0-NIPAM) and deuterated ULC D3 (D3-NIPAM) microgels in dried state. Depositions
were done below (20 ◦C) and above (40 ◦C) the VPTT. The error bars show the standard
deviation from the image analysis. b Probability of the total interfacial diameter of deposited
hydrogenated standard (D0-NIPAM) and deuterated ULC (D3-NIPAM) microgels in dried
state below and above the VPTT. Height profiles of simulated microgels: c 5 mol% cross-
linked microgels and d ULC microgels, corresponding to α = 0, 0.5, 0.9.

cross-linked and deuterated ULC microgels. For the hydrogenated 5 mol% cross-linked mi-

crogels two temperatures, 20 and 40 ◦C, are reported. For the ULC microgels only 20 ◦C

was investigated. The surface pressure region used in the neutron reflectivity experiments is

highlighted by the yellow area.

Neutron Reflectivity

In Supplementary Figures 6a-c the in y-direction unshifted reflectivity curves of the three

investigated NIPAM-based micrgoels are shown. At 10 and 20 ◦C, the curves of the 5 mol%
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Supplementary Figure 5: Nearest neighbor distance as a function of the surface pressure
for 5 mol% D0 microgels and ULC D3 microgels. For hydrogenated 5 mol% cross-linked
microgels two temperatures, 20 and 40 ◦C are reported. The yellow area highlights the
surface pressure region used in the neutron reflectivity experiments. The error bars show
the standard deviation from the image analysis.

D0 microgels coincide almost entirely (Supplementary Fig. 6a). This is consistent with the

swelling curves of the microgels in bulk, where well below the VPTT the size of the mi-

crogels is temperature independent.8 However, changing the temperature across the VPTT

of all three microgels leads to an increase of reflectivity at the same Q-values (Supplemen-

tary Figs. 6a-c). This increase can be attributed to an increase in density, i.e. deswelling, of

the microgel monolayers.
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Supplementary Figure 6: Reflectivity curves of 5 mol% cross-linked and ULC microgels
at different temperatures. Reflectivity curves of 5 mol% D0 microgels at the air-ACMW
interface a. Reflectivity curves of 5 mol% D7 microgels at the air-ACMW interface b.
Reflectivity curves of ULC D3 microgels at the air-ACMW interface c. Insets: Reflectivity
curves at air-D2O interfaces. The error bars represent the statistical errors on R(Q).
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Supplementary Figures 7a and b depict the influence of the number of layers on the

agreement of the model with the data for standard microgels. If one or two layers are

used, there is no agreement with the NR data. A three-layer model shows much higher

agreement, but is still far below that of a four-layer model. Comparing the SLD profiles

(Supplementary Figure 7b) of the three-layer and four-layer models, we find that those of

the three-layer model do not agree at all with previous experimental9 and numerical results.10

Therefore, the four-layer model is the best compromise between good agreement with the

experimental data and additional results from other methods, and the smallest number of

layers. Thus, for the standard microgels we found that N = 4 layers are needed to adequately

describe the NR curves.
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Supplementary Figure 7: a and b Reflectivity curves, R(Q)·Q4 versus Q, of 5 mol% D7
microgels at 40 ◦C. The same NR data are shown four times but shifted along the y-axis. Solid
lines of different colors display fits with N -layers. b Zoom to low Q region. c SLD profiles
corresponding to the fits in A and B. Horizontal and vertical dashed lines are guidelines
for the eyes and represent zero polymer fraction and zero z-Distance from the interface,
respectively. The error bars represent the statistical errors on R(Q).
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Supplementary Figures 8a-c show the SLD profiles of all microgel systems.
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Supplementary Figure 8: SLD profiles of 5 mol% crosslinked and ULC microgels at different
temperatures. a SLD profiles of 5 mol% D0 microgels. b SLD profiles of 5 mol% D7 micro-
gels. c SLD profiles of ULC D3 microgels. Horizontal and vertical dashed lines are guidelines
for the eyes and represent zero SLD and zero z-Distance from the interface, respectively.

Supplementary Figures 9a-c show the polymer fraction profiles of all microgel systems

before they are shifted along the x-axis so that the highest polymer fraction is at a z-Distance

of zero nm.
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Supplementary Figure 9: Polymer faction profiles of 5 mol% crosslinked and ULC microgels
at different temperatures. a Polymer faction profiles of 5 mol% D7 microgels. b Polymer
faction profiles of 5 mol% D0 microgels. c Polymer faction profiles of ULC D3 microgels.
Horizontal and vertical dashed lines are guidelines for the eyes and represent zero polymer
fraction and zero z-Distance from the interface, respectively.
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Parameters of model fits to the Neutron Reflectivity Data

Supplementary Table 2: Parameters of the 4-layers fit for the 5% cross-linked microgels in Figure 1 of the main part.

T Layer 1 Layer 2 Layer 3 Layer 4 Background

d1 σ1 b1 d2 σ2 b2 d3 σ3 b3 d4 σ4 b4 σbkg dtotal
(◦C) (nm) (nm) (10−6 Å−2) (nm) (nm) (10−6 Å−2) (nm) (nm) (10−6 Å−2) (nm) (nm) (10−6 Å−2) (nm) (nm)

5 mol% D0 Microgels, btheo = 0.9310−6 Å−2

10 (14 ± 1) (8 ± 1) (0.06 ± 0.005) (2.1 ± 0.1) (0.7 ± 0.1) (0.32 ± 0.06) (4.4 ± 0.2) (0.4 ± 0.2) (0.14 ± 0.04) (122 ± 3) (3.5 ± 0.2) (0.06 ± 0.006) (31 ± 1) (220 ± 6)
20 (14 ± 1) (8 ± 1) (0.06 ± 0.005) (2.1 ± 0.2) (0.7 ± 0.1) (0.31 ± 0.08) (4.3 ± 0.2) (0.8 ± 0.2) (0.19 ± 0.04) (117 ± 2) (3.5 ± 0.2) (0.07 ± 0.005) (28 ± 1) (210 ± 5)
30 (14 ± 1) (8 ± 1) (0.08 ± 0.005) (2.2 ± 0.1) (1.0 ± 0.2) (0.35 ± 0.06) (4.7 ± 0.2) (0.6 ± 0.2) (0.20 ± 0.03) (99 ± 2) (4.0 ± 0.2) (0.08 ± 0.006) (29 ± 1) (194 ± 4)
40 (14 ± 1) (7 ± 1) (0.10 ± 0.004) (2.7 ± 0.2) (0.5 ± 0.2) (0.35 ± 0.05) (6.8 ± 0.2) (1.0 ± 0.2) (0.23 ± 0.02) (48 ± 3) (3.2 ± 0.2) (0.10 ± 0.008) (26 ± 1) (140 ± 5)

5 mol% D7 Microgels, btheo = 4.78 10−6 Å−2

20 (16 ± 2) (11 ± 1) (0.1 ± 0.03) (2.3 ± 0.2) (0.5 ± 0.2) (1.58 ± 0.01) (3.0 ± 0.2) (0.2 ± 0.1) (0.49 ± 0.03) (136 ± 4) (3.4 ± 0.2) (0.21 ± 0.06) (33 ± 1) (245 ± 14)
40 (16 ± 1) (8 ± 1) (0.2 ± 0.002) (2.6 ± 0.1) (0.2 ± 0.1) (1.73 ± 0.005) (4.7 ± 0.2) (0.3 ± 0.2) (0.62 ± 0.02) (66 ± 1) (2.6 ± 0.2) (0.26 ± 0.02) (27 ± 1) (160 ± 2)

di is the thickness of a layer with the scattering length density bi. σi is the roughness between a layer and the layer above it. dtotal is
the total film thickness and σbkg is the roughness between the last layer and the background. Errors are the uncertainties from the
fits.

Supplementary Table 3: Summary of the model fits of the reflectivity curves of the ULC D3 microgels in Figure 4 in the main
part.

T Layer 1 Layer 2 Layer 3 Background

d1 σ1 b1 d2 σ2 b2 d3 σ3 b3 σbkg dtotal
(◦C) (nm) (nm) (10−6 Å−2) (nm) (nm) (10−6 Å−2) (nm) (nm) (10−6 Å−2) (nm) (nm)

ULC D3 Microgels, btheo = 2.57 · 10−6 Å−2

20 (3 ± 1) (2 ± 1) (0.04 ± 0.004) (2.2 ± 0.2) (0.4 ± 0.1) (1.01 ± 0.04) (86 ± 4) (0.4 ± 0.2) (0.09 ± 0.003) (30 ± 2) (157 ± 10)
30 (3 ± 1) (2 ± 1) (0.070 ± 0.008) (2.4 ± 0.2) (0.4 ± 0.1) (1.08 ± 0.01) (64 ± 2) (0.2 ± 0.2) (0.09 ± 0.005) (26 ± 1) (125 ± 5)
36 (3 ± 1) (2 ± 1) (0.110 ± 0.006) (2.6 ± 0.1) (0.2 ± 0.2) (1.08 ± 0.08) (61 ± 2) (0.2 ± 0.2) (0.05 ± 0.01) (25 ± 1) (120 ± 5)
40 (3 ± 1) (1 ± 1) (0.120 ± 0.006) (2.7 ± 0.2) (0.4 ± 0.1) (1.08 ± 0.01) (52 ± 1) (0.4 ± 0.2) (0.008 ± 0.004) (15 ± 1) (89 ± 3)

di is the thickness of a layer with the scattering length density bi. σi denotes the roughness between a layer and the layer above
it. dtotal the approximated total film thickness and σbkg the roughness between the last layer and the background. Errors are the
uncertainties from the fits.
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Alternative fitting model of the neutron reflectivity to

confirm the validity of the results obtained

0 0.5 1 1.5 2
q

10-7

10-6

10-5

10-4

10-3

10-2

R

0 0.5 1 1.5 2
q

10-7

10-6

10-5

10-4

10-3

10-2

R

Q (nm-1)

R(
Q

) (
ar

b.
 u

ni
ts

)

c 20 °C
4 Layers
N > 1000 Layers

0 0.5 1 1.5 2
q

10-7

10-6

10-5

10-4

10-3

10-2

10-1

R

Q (nm-1)

R(
Q

) (
ar

b.
 u

ni
ts

)

a
20 °C
4 Layers
N > 1000 Layers

-100 -50 0 50 100 150 200 250 300
Distance (nm)

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

SL
D

z-Distance (nm)

Po
ly

m
er

 F
ra

ct
io

n

b

z-Distance (nm)

SL
D 

(1
0-

6  Å
-2

)

4 Layers, 20 °C
N > 1000 Layers, 20 °C

-50 0 50 100 150 200 250
Distance (nm)

0

0.2

0.4

0.6

0.8

1

1.2
SL

D

z-Distance (nm)

SL
D 

(1
0-

6  Å
-2

)
d

4 Layers, 20 °C
N > 1000 Layers, 20 °C

Supplementary Figure 10: Comparison between fits and the resulting SLD distributions
for the deuterated 5 mol% crosslinked nanogels a and b and for the deuterated ultra-low
crosslinked nanogels c and d. The data shown are relative to the swollen nanogels at 20 ◦C.
solid lines represents the fits and the obtained SLD distribution using our multi slab model
while the dashed lines corresponds to the fits with the N -layers model. The error bars
represent the statistical errors on R(Q).

The interfacial structure along the z-direction of the different pNIPAM microgel studied

here has been described using a model composed of N layers of varying scattering length

density, SLD, (bi) modulated by a roughness parameter (σi), which describes the interfacial

mixing of the layers, as follows

b(z) =
N∑
i=0

bi − bi−1

2

(
1 + erf

(
z − di
σi
√

2

))
. (1)
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The resulting quasi-continuous model profile in all cases yielded large interfacial roughness

values although smaller of the layer thickness (σi < di). Therefore, to verify that the

theoretical reflectivity profiles calculated using Fresnel equations to fit the experimental

data yield to physically reasonable polymer fraction profiles, two sets of data (5 mol% D7

and D3-NIPAM) were fitted using a different approach.

In detail, we confirm with an alternative fitting method that the Fresnel reflectivity

calculation with the added Gaussian error function is valid and equivalent to the standard

Fresnel calculation of stratified media, even when the roughness values are in the order of

the layer thickness. To do so, an analytical form of the b(z) profile, generated from the

corresponding polymer fraction profiles, was sliced into many (N > 1000) discrete, thin

layers with a thickness ti = 1.5Å, a constant value of bi and no roughness between adjacent

layers (σi =0). Then, the SLD profile b(z) =
∑N

i=0(bi − bi−1)/2 was used to calculate the

theoretical reflectivity by using the Parrat recursive algorithm in Motofit.

As it is shown in Supplementary Figure 10, the fits of the experimental reflectivity data

using Fresnel reflectivities based on a 1000-layers model lead to the same fit quality and to

the same SLD distribution as generated by our multi-slabs mode.
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Gnan, N.; Ninarello, A.; Isa, L.; Zaccarelli, E. Microgels Adsorbed at Liquid-Liquid

Interfaces: A Joint Numerical and Experimental Study. ACS Nano 2019, 13, 4548–

4559.

13


