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Experimental Section

Synthesis

The microgel shell syntheses were done under the same amount of water but with different

amount of monomers. The reaction conditions are described in the main text and the used

weights of each chemical for the synthesis of each system are listed in Table S1.
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Table S1: Amount of chemicals used for the small and large shell syntheses.

HSiM40 HSiM76
NIPAm [mg] 396 785
BIS [mg] 26.2 52.8
MRB [mg] 0.70 1.5
KPS [mg] 26.6 54
Water [mL] 170 170

Small-angle X-Ray scattering

Small-angle X-ray scattering (SAXS) curves have been measured using the cSAXS instrument

at the Swiss Light Source, Paul Scherrer Institut (Villigen, Switzerland). X-ray with a

wavelength λ = 0.143 nm and a spread ∆λ/λ = 0.02 % were used. A sample-detector

distance of 7.12 m was used to cover the q-range of interest. The collimated beam illuminates

an area of about 200×200 µm of the 2D detector with a pixel size of 172 µm and 1475×1679

pixels.

Characterization of the elliptical core

To obtain information about the core dimensions, small-angle X-ray scattering was used.

The inorganic elliptical cores were measured after etching away the inner hematite. Hence,

only the silica shell has to be considered, simplifying the fitting process as the inner part of

the core can be set to the same contrast as the solvent. The fitting was done with the core-

shell ellipsoidal model implemented in SASView1 and the data including the fit are shown

in Figure S1.The fitting of the SAXS data shows a polydispersity of about 10 % which is

included in the illustrated fit. The dimensions obtained from these fits were: (330±12) nm

for the major axes and (75±8) nm for the minor axes. These sizes are in good agreement with

the values resulting from the analysis of the hematite silica core with TEM (see Table S2).

Hence, the values obtained from SAXS are used as inner dimensions to fit the SANS data

for the microgel shells with matched silica core.
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Figure S1: SAXS data of the hollow silica core dissolved in H2O fitted with an ellipsoidal
core-shell model.

Table S2: Comparison between the results of TEM and SAXS on length (L) and diameter
(d) for the core.

L[nm] d[nm]
SAXS 330±12 75±8
TEM 284±38 81±8

Fits with spherical model

This section shows the comparison between the fits of the fuzzy spherical in FitIt! 2 and the

fuzzy anisotropic model. This is an important step to justify the usage of more complex

models instead of the simplest shape, namely the spherical shape. Hence, we demonstrate

the importance of using anisotropic models to fit the scattering data adequately. Figure S2

and Figure S3 show the comparison between the fuzzy spherical model (red dashed line) and

fuzzy hollow spherical model (green dashed line) fits for the best fit for, respectively, the

fuzzy hollow ellipsoid or the fuzzy hollow cylinder model (solid lines, colors are chosen to

match with the ones in the main text).

In Figure S2, SiM40 (first row) and SiM76 (second row) below (left) and above (right) the
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VPTT are presented each with all three fits. In all four cases, the spherical microgel model

(red dashed line) fails to reproduce the data. This is reasonable as the cryo-TEM images show

the silica core inside the microgel shell, which was contrast matched for SANS. Consequently,

a cavity has to be considered when fitting the scattering data, making the normal fuzzy

spherical model not suitable to fit the data of SiM76 and SiM40 at both temperatures.

Due to the anisotropically shaped silica core, similar problems appear when using the fuzzy

hollow spherical model (green dashed line). For SiM40 (first row) the fits become better

compared to the model without cavity, nevertheless, all features of the scattering data at low

and high temperature, which can be fitted with fuzzy anisotropic models, are not reproduced

with the fuzzy spherical models. As a conclusion, a more complex model is needed to fit the

scattering data properly.
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Figure S2: Spherical fits for SiM40 (first row) and SiM76 (second row) at 20 ◦C (left) and
50 ◦C (right). Comparison between fits for the spherical microgel (red dashed line) and
hollow spherical microgel (green dashed line) models and the best fit for the anisotropic
model (solid line).

The same spherical models are used to fit the data of the microgel shell only (M ). The

results are shown in Figure S3 in the first row for M40 and in the second row for M76.

Similar to Figure S2, the red dashed lines correspond to the fuzzy spherical model and the

green dashed lines to the fuzzy spherical hollow model. For the hollow microgel without core

the agreement between the two different spherical fits is larger compared to the SiM sample.

When looking at M40 for both temperatures (first row), both spherical models are able to

reproduce the slope of the higher q region of the scattering data, but fail to fit the lower

q region with features like shoulders and minimum. Therefore, these spherical models are

not appropriate for fitting the data of M40 at neither temperature. In comparison to that,
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there is a good agreement between the fuzzy cylinder hollow model and the data (solid lines,

colors are chosen to match with the ones in the main part).

In the second row of Figure S3, the data of M76 at both temperatures are fitted with the

fuzzy spherical and fuzzy spherical hollow model to compare it to the fit of the fuzzy cylinder

hollow model. The plots on the left show this comparison below the VPTT at 20 ◦C with a

good agreement between the data and both the spherical and the cylinder models. Hence,

in this particular case the usage of the more complex anisotropic fits is not crucial, but still

results in the best fit of the scattering data. This observation shows that the microgel with

the thick shell in the collapse state has the most spherical shape of both microgels at all

states. This is in agreement with the cylinder fit of M76 at 20 ◦C as it has the lowest aspect

ratio compared to all other states. Furthermore, as the quality of the fuzzy spherical and

the fuzzy hollow spherical model fit look similar, the cavity has a minor influence for the

large microgel shell. This means that the thick microgel shell has a nearly spherical shape

with a small cavity in the swollen state. Compared to the fits at 20 ◦C, for M76 at 50 ◦C

above the VPTT a clear improvement when comparing the fuzzy anisotropic cylinder fit to

the spherical ones is achieved. Hence, when collapsing the microgel, the shape is changing

drastically and an anisotropic model is definitely required.
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Figure S3: Fits for spherical models for M40 (first row) and M76 (second row) at 20 ◦C
(left) and 50 ◦C (right). Comparison between fuzzy spherical (red dashed line) and fuzzy
hollow spherical (green dashed line) model to the best fit for the fuzzy anisotropic model
(solid line).

Concluding, the results show that neither the fuzzy spherical model nor the fuzzy spheri-

cal hollow model are suitable fitting all scattering data of the anisotropic microgels properly.

As a next step, anisotropic models with sharp interfaces need to be considered for the fitting

of the scattering data as they are more complicated and have more fit parameters compared

to spherical ones, but less than anisotropic models with a fuzzy structure.
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Fits for elliptical/cylinder models with sharp interfaces

Section presents the comparison between the “sharp-interface” and fuzzy anisotropic models

used for fitting the scattering data of SiM and M for both microgels. With this comparison,

we demonstrate the importance of the fuzziness to fit the data for the anisotropic microgels.

In Figure S4 the scattering data for SiM40 (first row) and SiM76 (second row) at 20 ◦C

(left) and 50 ◦C (right) are shown with the fits using sharp-interface and fuzzy ellipsoidal

models. Only the ellipsoidal shape is considered as the inner dimensions are set by elliptical

silica core (which is contrast matched for these data). The sharp-interface ellipsoidal model

(grey solid line) is compared to the fuzzy ellipsoidal model (solid lines, colors are chosen to

match with the ones in the main text).
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Figure S4: Sharp-interface ellipsoid model fits for SiM40 (first row) and SiM76 (second row)
at 20 ◦C (left) and 50 ◦C (right) compared to the respective fuzzy ellipsoidal model fits.
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Both microgels show a similar trend: The high-q region is fitted reasonably well with the

sharp-interface model, as either the Lorentzian term is added to fit the polymer contribution

in the swollen state or the slope of −4 at 50 ◦C in the collapsed state is fitted adequately

without this addition. Nevertheless, only the fuzzy elliptical model manage to fit the mid-q

range for all four stages shown in Figure S4. Hence, the fuzziness is needed to get a good

agreement with the scattering data.

Figure S5 shows the comparison between the fits of the sharp-interface ellipsoidal (grey

solid line) and cylinder (pink solid line) model with the best fits of the cylinder microgel

model (solid lines, colors are chosen to match with the ones in the main text) for the microgels

without core. M40 is presented in the first row and M76 in the second with the scattering

data below the VPTT (left) and the scattering data above the VPTT (right), respectively.

Both shapes, ellipsoid and cylinder, are used as no core is fixing the inner shape. Similar to

the previous case of SiM40 and SiM76, the sharp-interface models do not fit especially the

mid-q regime of the microgel data M40 and M76 at all states. Hence, the sharp-interface

models cannot characterize the fuzzy interface structure in the swollen state.
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Figure S5: Sharp-interface ellipsoid model fits (grey solid line) and sharp-interface cylinder
model fits (pink solid line) for M40 (first row) and M76 (second row) at 20 ◦C (left) and
50 ◦C (right) compared to the respective fuzzy cylinder model fits.

The data of the microgels M40 (first row, right) and M76 (second row, right) in the

collapsed state above the VPTT indicate that the sharp-interface models are more suitable

to fit the scattering data of the microgels in the collapsed state compared to the swollen one.

Nevertheless, the fits of the sharp-interface models show an increase in features/minimum

for both microgels compared to the fuzzy model with the same polydispersity of 13 %. Not

all these features reproduce the scattering data, meaning that even in the collapsed state,

the fuzzy cylinder model offers the best fit.

As a conclusion, with the existing models it was not possible to fit the scattering data

of anisotropic hollow microgels in the swollen and collapsed state. Hence, we developed new
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models accounting both for anisotropy and fuzziness.

Fuzzy anisotropic hollow models

Models for fuzzy anisotropic hollow microgels are developed based on the cylinder and el-

lipsoid shape with different polymer volume fraction profiles for the shell. As we aimed

for anisotropic and hollow microgels, all models have a cavity in the inner part meaning

that no polymer density/volume fraction is visible, resulting in a value of 0. Furthermore,

each model applies the same shell (thickness, density) throughout the entire microgel as it

is observed for spherical microgels. By subtracting scattering amplitudes of homogeneous

particles from one another, the form factor is obtained.

Dubbert et al. reported that due to the synthesis with sacrificial cores, the hollow-shell

microgels can have a more complex polymer density profile than that of a model with one

shell added to the core.3 Hence, we decided to start the fitting with a free-form approach

using five shells:4–7 the thickness of the complete shell is fitted and each single shell has the

same width (overall shell divided by 5). As fit parameters the heights of each shell (polymer

volume fraction) are used.

In Figure S6 (left) the polymer volume fraction profile of the short semi axis (for ellipsoid)

and the radius (for cylinder) is shown versus the distance from the center of the microgel.

The long semi-axis/half length profile is constructed in the same manner, but with a larger

cavity in the center compared to the shown profile. To be able to fit the fuzziness of the

inner and outer surface of the entire shell independently from the thickness, a Gaussian with

the width of σsmear is used for the surfaces. Using this five-shell model, we identify the

shell structure without any prior assumptions and still with a low number of fit parameters.

Hence, we get an idea about the polymer profile and also can distinguish if the cylindrical

or ellipsoidal shape reproduces the scattering data best keeping in mind that features in the

polymer volume fraction can come from the difference in thickness/density of the microgel
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shell of the short to the long axis additionally. After the five-shell approach shows the shape

and the polymer volume fraction within the microgel, it is determined if it is possible to use

the one- (Figure S6 middle) or two- (Figure S6 right) shell models for the density profile of

the polymer volume fraction.

Figure S6: Polymer volume fraction profiles along the short-semi axis/radius for a five- (left),
one- (middle) and two- (right) shell model.

The polymer volume fraction profile of the one-shell model is shown in Figure S6 (middle).

Similar to the five-shell approach, it consists of a core contribution which has a height set to

0 and a width of the shell with a height different from 0 showing the profile along the short

semi axis (for ellipsoid) or the radius (for cylinder). To obtain a fuzzy structure the inner

and outer surfaces are defined with a Gaussian of σin for the width of the inner surface and

σout for the outer surface. The inner and outer radii (Rin and Rout) are set to the values at

half the width of the Gaussian similar to Dubbert et al.3 For the long semi-axis (ellipsoid)

and the half length (cylinder) the same profile is constructed, but with a cavity in the center

equal to the long semi-axis/half length of the core.

The two-shell approach consists of similar inner and outer surfaces as in the one-shell

approach. Additionally to the one-shell model, this model has two different width for two

shells (wsh1 and wsh2). Furthermore, both shells are fitted with different amplitudes and are

connected with another Gaussian with a width defined by σmid. In the following, an example

of calculating the form factor of the hollow microgel shell for each shape (cylinder ;equation
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S1 and ellipsoid; equation S2) are shown. Both examples show the same main structure.

The inner cylinder/ellipsoid is subtracted from the outer one:

Pinho.cyl = LoutR
2
out

2J1(qRout sinα)

qRout sinα

sin(qLout cosα/2)

qLout cosα/2
exp

(
−σ

2
outq

2

2

)
−

LminR
2
in

2J1(qRin sinα)

qRin sinα

sin(qLin cosα/2)

qLin cosα/2
exp

(
−σ

2
inq

2

2

) (S1)

Pinho.ellip =
4π

3
R3

outεoutF1(q, r(Rout, εout, α)) exp

(
−σ

2
outq

2

2

)
−

4π

3
R3

inεinF1(q, r(Rin, εin, α)) exp

(
−σ

2
inq

2

2

) (S2)

where α is the angle between the main axis and the scattering vector. For the isotropically

distributed orientations, the expressions have to be integrated over this angle as done in

equations 2 and 3 in the main text. Furthermore, the polydispersity of the length and width

of either the cylinder or ellipsoid is considered with a normalized Gaussian:3

D(S, 〈S〉 = 1, σpoly) =
1√

2πσ2
poly〈S〉2

exp

(
−(S − 〈S〉)2

2σ2
poly〈S〉2

)
(S3)

with the relative polydispersity (σpoly) and an average scale factor of 〈S〉 = 1.

The instrumental smearing of the SANS data is considered with the resolution function

(Re(〈q〉, q)),8,9

Re(〈q〉, q) =
q

σ2
re

exp

[
−0.5

(
q2 +

〈q〉2

σ2
re

)]
I0

(
〈q〉q
σ2
re

)
(S4)

where I0(x) is the modified Bessel function of first kind and zero-order, 〈q〉 is the nominal

scattering vector and σ2
re is the width of the instrumental resolution/smearing.

The values for the fit parameters of the microgels with the matched silica core (SiM ) are

listed in table S3 and the values for the hollow microgels (M ) in table S4. As the SANS
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has no resolution from below 5 nm, such values can be assumed to be 0 (especially for σ)

resulting in no meaningful values. Hence, when the fitting procedure showed insignificant

values for these parameters, they were fixed to values below 5 nm. We decided to do this as

the values are needed to run the fit. The width of the core (wcore) and the aspect ratio of

the outer shell (εout) have no error as these values are, respectively, fixed at the values for

the core according to the results from SAXS, and calculated from the values for the core and

the width of the shells, respectively.

Table S3: Fit results for SiM.

T
[°C]

εout wcore

[nm]
wsh1

[nm]
wsh2

[nm]
σin σmid σout ξlor[nm] Ish1 Ish2

SiM76 20 1.73 37.8 0 122
±18

< 5 < 5 < 5 12.1
±0.4

1 1

50 2.10 37.8 30.6
±1

< 5 < 5 7.2
±0.2

< 5 - 1 1.76
±0.04

SiM40 20 1.80 37.8 100
±6

0 < 5 < 5 < 5 10.0
±0.3

1 2.3 ±0.6

T
[°C]

εout wcore

[nm]
Rout

[nm]
σsmear σinner ξlor

[nm]
Ish1 Ish2 Ish3 Ish4 Ish5

SiM40 50 2.63 37.8 78.0
±2

< 5 < 5 - 1 1.5
±0.2

1.3
±0.2

0.16
±0.09

0.48
±0.09

The fit parameters shown in the Table S3 for the ellipsoidal model are the aspect ratio

of the outer shell (εout = Lout/Rout), the half width of the core (wcore), the width of the

first (wsh1) and second shell (wsh2). σin describes the width of the Gaussian between the

core and the first shell, σmid the Gaussian connecting the two shells and σout the Gaussian

representing the fuzzy decay at the outer surface. Note that for this models, σ is added as

shown in the sketches of the polymer volume fraction in Figure 2. For example, to obtain

the inner radius of the shell (Rin) 3×σin is added to the core (Rin = wcore+3σin). ξlor defines

the mesh-size of the microgel, which is only present in the swollen state as the Lorentzian is

not included at high temperatures. Ix gives the intensity of the polymer volume fraction for

the shell x. Ish1 is fixed at 1 and the other intensities are accounting relative to Ish1.
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Table S4: Fit results for M.

T
[°C]

Lcore

[nm]
wcore

[nm]
wsh1

[nm]
wsh2

[nm]
σin σmid σout ξlor

[nm]
Ish1 Ish2

M76 20 113
±17

32
±7

61
±8

97
±8

5.1
±0.4

7.0
±0.4

< 5 10.4
±0.2

1 0.79
±0.04

50 110
±4

38
±1

3 ±3 0 < 5 10
±1

< 5 - 1 1.66
±0.05

M40 20 234
±3

47
±1.4

22
±7

0 < 5 7 ±1 < 5 10.5
±0.2

1 1.8
±0.1

50 135
±4

10
±0.2

0 - 8.37
±0.04

- < 5 - 1 -

Table S4 shows the fit-parameters used for the cylinder fits. In this case the anisotropy of

the model is defined with the length of the core (Lcore). All other parameters are described

above.

The following Figure S7 shows the polymer volume fractions from the short axis of

SiM40/M40 (left) and SiM76/M76 (right). The colors are chosen to match with the scat-

tering data in the main text. On the left for SiM40/M40 the blue colors indicate the swollen

microgels at 20 ◦C and the red colors the microgels at 50 ◦C. The right image corresponding

to SiM76/M76 shows the swollen state (20 ◦C) in green and the collapsed one (50 ◦C) in

violet. The area of the profiles for each microgel was normalized to the area of the hollow

microgels in the collapsed state. This was done because the polymer mass has to be equal

in all 4 states of one microgel.

As discussed before, the profiles look more complicated compared with spherical micro-

gels. We do not fully understand these profiles yet and, therefore, avoid any over interpreta-

tions. A possible critic assumption is the simplification of adding the same shell at the long

and short axis of the microgel. It seems to be that this assumption is much better for the

microgel with the thicker shell compared with the thinner one. Even if we cannot exploit

these profiles further at the moment and further experiments combined with modeling based

on advances computer simulations are required, the main message of this letter, of synthe-

sizing anisotropic hollow microgels, is certain as this model was the easiest model (lowest
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number of fit-parameters) usable to fit the scattering data of both microgels and especially

the anisotropic shape was additionally confirmed with cryo-TEM.

Figure S7: Polymer volume fraction of the microgels SiM40/M40 (left) and SiM76/M76
(right) above (50 ◦C) and below (20 ◦C) the VPTT and their consequential structure as
sketches. In the sketches the horizontal lines show the position of the relative polymer
fraction in the microgel structure.

Comparison between fuzzy ellipsoid and fuzzy cylinder

models

The microgels without inorganic core (M40 and M76 ) are fitted with the fuzzy ellipsoid

and fuzzy cylinder models. This is done to obtain information on whether the shape of the

microgel shell has changed after the etching away of the silica core, which defined the inner

shape. The comparison between fits from the fuzzy ellipsoid model (black solid line) and

the fuzzy cylinder (solid lines, colors are chosen to match with the ones in the main text)

are shown in Figure S8. The first row in Figure S8 are for M40 and the second one for

M76, where the left plots correspond to the measurements at 20 ◦C and the right ones to

50 ◦C. The scattering data in all four plots and their corresponding fits demonstrate that

both models fit the data well. As both models are for anisotropic shapes, this similarity is

reasonable. Nevertheless, in each of the four cases the fits resulting from the fuzzy cylinder
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model give a lower χ2 compared to the fuzzy ellipsoid model. Hence, as both models have

the same number of fit parameters, the cylinder model is the best suited model to fit the

microgel scattering data in the present work, and therefore the results for the sizes of this

shape are given. As a conclusion, a small change in the shape is observed after etching away

the core for both microgels at both temperatures.
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Figure S8: Comparison between ellipsoid and cylinder model fits for M40 (first row) and
M76 (second row) at 20 ◦C (left) and 50 ◦C (right). The ellipsoidal model fits are shown
with the black solid line and the cylindrical model fits with the differently coloured solid
lines.
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