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Synthesis of Ni NPs: 

Nickel NPs (Ni, dTEM = 46 ± 10 nm) were synthesized according to Nitin Chopra et al. 0.99 g 

Nickel(II) acetate tetrahydrate and 7 mL oleylamine were added to a 100 mL three-necked 

round bottom flask equipped with a mechanic stirrer under inert gas atmosphere. In the next 

step the reaction was heated up to 80 °C in a metal bath for 30 min. Then 3.43 mL tri-n-

octylphosphine oxide (TOPO) and 1 mL tri-n-octylphosphine (TOP) were added to the flask, 

and the mixture was heated up to 250 °C in a metal bath for 2 h. After cooling down to room 

temperature, the particles were washed several times with ethanol. 

Modification of Ni NPs with 2-bromo-2-methyl-N-(3-(triethoxysilyl)propyl) propenamide 

55 mg of the synthesized Ni NPs were dispersed in 25 mL toluene and added to a round bottom 

Schlenk flask equipped with a mechanical stirrer under an argon atmosphere. Subsequently, 0.1 

mL triethylamine and 0.2 mL 2-bromo-2-methyl-N-(3-(triethoxysilyl)propyl) propenamide 

were added, and the mixture was stirred for 48 h at room temperature. Then the particles were 

centrifuged and washed two times with toluene and two times with anisole. Afterwards, the 

modified Ni NPs were dispersed in 25 mL anisole. 

Surface functionalization with poly(methyl methacrylate) (PMMA) 

25 mL of the modified Ni NPs dispersion were added to a three-necked round bottom Schlenk 

flask equipped with a mechanical stirrer and an argon inlet. After the addition of 10 mL methyl 

methacrylate (MMA) and 3 μL tert-butyl-α-bromisobutyrate, the dispersion was heated up to 

90 °C. The polymerization was initiated by the addition of 2 mL of a [CuI(PMDETA)Cl] 

solution (2 M in anisole). After 4 h, the mixture was precipitated in an excess of methanol and 

separated by filtration. The precipitate was redispersed in THF, separated by centrifugation, 

and washed several times with THF. 
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Figure S1: TEM images of the synthesized Ni NPs after surface functionalization with PMMA. 
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Figure S2: XRD diffraction pattern of the as-prepared Ni NPs (red curve). Ni peaks 

corresponding to a face-centered cubic structure are marked with grey lines (JCPDS card no. 

04-0850).  
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Acid solution cleaning procedure of Si substrates: 

Pre-cut Si substrates were submersed for 15 minutes into a solution of 54 mL deionized water 

(DI H2O), 84 mL H2O2, and 198 mL H2SO4 at 80°C. After the acid bath, the substrates were 

rinsed again with DI H2O and dried with nitrogen gas 

 

Table S1: Thicknesses of the hybrid films prepared during the in situ printing investigation as 
measured by spectral reflectance. A Filmetrics F20 Thin-Film Analyzer (KLA) with a spot size 
of 2.0 mm was utilized, and the thickness was determined by fits to the reflected spectrum with 
the FILMeasure software (KLA) robust fit algorithm. Measurements were taken at four sample 
positions and averaged together. 

Sample  thickness [nm] 

No NPs  314 ± 3 

1 wt % Fe3O4 and 1 wt % Ni  320 ± 7 

1 wt % Fe3O4 and 2 wt % Ni  276 ± 9 

1 wt % Fe3O4 and 5 wt % Ni  305 ± 2 
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Figure S3. AFM topography images of ternary hybrid films printed during the in situ 

characterization with increasing NP concentration: (a) no NPs, (b) 1 wt % Fe3O4 and 1 wt % 

Ni, (c) 1 wt % Fe3O4 and 2 wt % Ni, (d) 1 wt % Fe3O4 and 5 wt % Ni. NPs can be primarily 

observed as agglomerates.  
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Figure S4. Selected 2D GISAXS data during the printing process for the PS-b-PMMA film 

with no NPs. The time at which each image is collected is shown in the top right of each image. 

The specular beam is covered by a round beam stop to avoid over-saturation of the detector. 

The evolution of the film morphology out of the wet film state can be observed. 
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Modeling of GISAXS data: 

For the quantitative analysis of the lateral structures inside the DBC films, horizontal line cuts 

of the 2D GISAXS data (shown in Figure S4 and Figure S6) were taken at the Yoneda region 

of the PS-b-PMMA films using the software DPDAK.1 The line cuts were then modeled within 

the scope of the distorted-wave Born approximation (DWBA) and the local monodisperse 

approximation (LMA).2 Each scattering component is described by a form factor, related to the 

shape of the object, and a structure factor, related to the distribution of the objects in relation to 

one another. The scattering intensity from one scattering object can be written as Equation S1: 

𝐼ሺ𝑞ሻ  ∝  𝑁 ∙ |𝐹ሺ𝑞ሻ|ଶ ∙ 𝑆ሺ𝑞ሻ 

with N being the number of scattering objects, F(q) being the form factor, and S(q) being the 

structure factor. The total scattering intensity is then the sum of the scattering intensities of the 

distinct scattering object within the film. In this study, the polymer domains are modeled with 

a singular cylindrical form factor with Gaussian size distribution in the mean radius, Ri, and a 

center-to-center distance between the cylindrical structures with the mean value, Di. The 

cylindrical form factor is approximated as 
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where J1 is the Bessel function of the first kind, qy is the momentum transfer in the horizontal 

direction, and R is the domain radius. The NPs are modeled similarly with spherical form factors 

and are also described by a structure factor. More information on the form factors can be found 

elsewhere.3 Using the Hosemann interference function, the respective structure factors model 

the center-to-center distances of the scattering object on a 1D paracrystalline lattice4: 
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Here σD is the Gaussian standard deviation of the mean value of the center-to-center distance, 

D is the mean center-to-center distance, and qy is the horizontal component of the momentum 

transfer. The mean object sizes and distances are obtained from the fits to the data. 
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Figure S5. 2D color map of horizontal line cuts collected during the in situ slot-die printing 

process of the PS-b-PMMA film with no NPs. The five stages of film formation described in 

the main text are shown. 
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Figure S6. Selected 2D GISAXS data during the printing process for the PS-b-PMMA film 

with 1 wt % Fe3O4 NPs and 1 wt % Ni NPs. The time at which each image is collected is shown 

in the top right of each image. The specular beam is covered by a round beam stop to avoid 

over-saturation of the detector. The evolution of the film morphology out of the wet film state 

can be observed. 
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Figure S7. 2D color map of each horizontal line cut collected during the in situ slot-die printing 

process of the PS-b-PMMA film with 1 wt % Fe3O4 NPs and 1 wt % Ni NPs. The four stages 

of film formation described in the main text are shown. 
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Figure S8. Vertical line cuts of the 2D GISAXS data of the as-prepared films printed during 

the in situ characterization with different concentrations of NPs. For clarity, the cuts are shifted 

along the y-axis. The in-plane scattering angle, φ, is calculated as the sum of the incidence 

angle, αi, and the exit angle, αf. The Yoneda peaks of PS and PMMA appear at the in-plane 

scattering angles where αf equals the respective critical angle αc. Upon the addition of NPs, the 

critical angles of PS and PMMA increase, as shown by the dashed lines. Further increase of the 

concentration of Ni NPs correlates to a further increase in the critical angle of PMMA. 
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Figure S9. Magnetic hysteresis curves plotted between -700 Oe and 700 Oe for binary hybrid 

DBC films containing (a) 2 wt % Fe3O4 NPs and (b) 2wt % Ni NPs. The insets show each curve 

between -5000 Oe and 5000 Oe. The films were prepared in the same manner as the ternary 

hybrid films. For the binary film with 2 wt % Fe3O4 NPs, the saturation magnetization Ms, 

remanence Mr, and coercivity Hc are approximately 1.2 emu cm-3, 0.08 emu cm-3, and 71 Oe. 

For the film containing 2 wt % Ni NPs, Ms, Mr, and Hc are approximately 1.5 emu cm-3, 

0.01 emu cm-3, and 2 Oe.  
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