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Correlation functions 
 
Extraction of particle coordinates from TEM images 
 
All particle positions were extracted using the software imageJ with its particle analysis tool. First the scale was set using 
the scale bar in the image then a band pass filter was used to flatten the background of the pictures. Subsequently, a 
threshold filter was used to separate the particles from the background using the original image as reference. Then the 
particle analysis tool was used to extract the particle coordinates. These coordinates were then used with our own software 
to calculate the bond orientational order (BOO), the radial distribution function g(r) and coordination numbers. 
 
Bond Orientational Order (BOO) 
 
One way to characterize an ordered system that has multiple domains or is not perfectly ordered is to use the bond 
orientational order. This Parameter reflects the orientational arrangement of next neighbors within a given set of 
coordinates. The BOO is defined as 
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m is the rotational order, Qr is the angle between the reference axis and a bond vector between next neighbor particles 
with one of them at the distance r. NB is the number of next neighbor bonds and the angle brackets should indicate an 
ensemble average. In the literature most of the time the reference vector is fixed for all bond vectors and the global BOO 
with respect to this reference vector is obtained. What we do instead is calculate a local BOO for each particle by mapping 
all its next neighbor bonds and make one of them the reference vector. This has the distinct advantage that the resulting 
BOO values will be independent of the choice of a global reference vector. When using the same reference vector for all 
bonds the choice of this vector can have a great impact when comparing different sample sets and how they are oriented 
with respect to each other. We tested the method extensively and found that it was much more robust, in the sense that 
samples with the same number of domains and sizes but differing orientation between domains would give the same 
averaged values for the BOO than with the global method. The only parameter that heavily influences the outcome of this 
analysis is the choice of the cutoff distance for next neighbors. The cut-off distance is chosen so that the first peak in the 
g(r) is completely encompassed and is given for each investigated sample. All distances are in nm. 
 
 

 
Figure S1: A: TEM image of Fe2O3;6.7@PEHA-PS126-PI226_0.77 with some of the extracted coordinates shown in red; the inset shows the coordination 
histogram with a distinct peak at three next neighbors. B: The associated BOO values for various rotational symmetries; the inset shows the radial 
distribution function. 

With this method we investigated the BOO for the Fe2O3;6.7@PEHA-PS126-PI226_0.77 (Fig. S1), 
Fe2O3;5.5@PEHA-PS126-PI184_0.7 (Fig. S2) and Fe2O3;5.5@PEHA-PS126-PI184_0.16 (Fig. S3). All three samples were 
prepared with a different grafting density resulting in different structures. 
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Figure S2: A: TEM image of Fe2O3;5.5@PEHA-PS126-PI184_0.7 with some of the extracted coordinates shown in red; the inset shows the coordination 
histogram with a distinct peak at two next neighbors. B: The associated BOO values for various rotational symmetries; the inset shows the radial 
distribution function. 

The samples Fe2O3;6.7@PEHA-PS126-PI226_0.77 and Fe2O3;5.5@PEHA-PS126-PI184_0.7 have a significantly increased BOO 
value for 3 and 2-fold rotational symmetry, respectively. This is further proof that the structures we claimed are indeed 
forming. These samples furthermore show nicely the high degree of control over the particle position we have as not only 
are the particles well and evenly separated but also show a preference for the number of next neighbors. Due to the 
formation of a network like structure no BOO value is significantly larger than for a randomly distributed set of particles for 
Fe2O3;5.5@PEHA-PS126-PI184_0.16. 
 

 
Figure S3: A: TEM image of Fe2O3;5.5@PEHA-PS126-PI184_0.16 with some of the extracted coordinates shown in red; the inset shows the coordination 
histogram with no preferred coordination number. B: The associated BOO values for various rotational symmetries; the inset shows the radial 
distribution function. 

The results from our picture analysis allow us to quantitatively compare our samples to the literature [1] see Fig. S4. In this 
way we were able to show that the order obtained in our system is more defined due to the method we developed. 
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Figure S4: A: TEM image taken from Kim et al [1] with some of the extracted coordinates shown in red; the inset shows the coordination histogram 
with no preferred coordination number. B: The associated BOO values for various rotational symmetries; the inset shows the radial distribution 
function. 
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3D reconstruction of the monolayer 
 
The monolayers were prepared on carbon-coated TEM copper grids. For EM tomography, monolayers that had been 
prepared from block-copolymer-coated nanoparticles in Fe2O3;6.7@PEHA-PS126-PI226_0.77 were studied using STEM 
tomography. Figure S5 shows a three-dimensional reconstruction of the nanoparticles. 
 

 
Figure S5: Three-dimensional reconstruction of nanoparticles in Fe2O3;6.7@PEHA-PS126- PI226_0.77 recorded using STEM tomography. The 
nanoparticles are viewed (A) from the side, (B) slightly tilted, (C) tilted and (D) from the top view. 

The three-dimensional reconstruction shows that the block copolymer coated nanoparticles form a monolayer. This 
observation is supported by the fact that a single nanoparticle is visible on top of the monolayer in Figs 3A and 3B. The 
fact that this nanoparticle can be clearly distinguished from the nanoparticle that are incorporated into the monolayer 
confirms that monolayers and double layers can be distinguished from each other.  
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Influence of concentration 

 
Figure S6: TEM images of the different structures obtained from the same coated nanoparticles at different concentration in solution. 

All self-assembled structures were formed from a sufficiently large concentration (0.6 – 1.2 mg/mL) of the solution to 
achieve the formation of homogeneous, large and continuous monolayers. Fig. S6 shows the effect of using a significantly 
lower concentration of the solution during self-assembly. Instead of the ordered stripe domains containing ordered 
nanoparticle arrays, we observe the formation of hexagonally arranged spherical nanoparticle/PS-domains. This indicates 
that repulsive steric interactions for the solvent-swollen nanoparticle-block copolymer conjugates lead to local spherical 
arrangements. The steric repulsion is screened for higher concentrations around the overlap concentration which is the 
concentration range, where the experiments were routinely performed. Additionally, the low concentration of the solution 
makes an interaction of the coated nanoparticles significantly less likely. Thus, the polymer cannot act as template for the 
assembly.  
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Additional Information 
 
In order to show the wide applicability of this method we additionally prepared samples with ZnO and Cu2ZnSnS4 (CZTS) 
nanoparticles, respectively. The ZnO nanoparticles are very small with an average diameter of 3.7 nm, while the 
Cu2ZnSnS4 nanoparticles are comparable large with an average diameter of 13.7 nm. Furthermore, the Cu2ZnSnS4 
nanoparticles have a distribution of 18%. The nanoparticles were coated with a PI-PS-PEHA block copolymer of about 
28000 g/mol aiming for a medium grafting density. In both cases the expected strip-like structures can be observed. This 
demonstrates that the proposed method works with a wide variety of nanoparticles but also with a variety of sizes and less 
monodisperse nanoparticles. 

 

  
Figure S7: TEM images of block copolymer coated ZnO nanoparticles (left) and Cu2ZnSnS4 nanoparticles (right). The CZTS nanoparticles have a 
rather high polydispersity which makes determination of the grafting density pointless.  

 
Table S1. Theoretical end-to-end distances (Rtheo), half strip thickness for the neat block copolymers (Rmeas) and half strip thickness for the 
strip-like structure with the nanoparticles (Rstruc) for the perspective blocks of the block copolymers. (1 the nanocomposites contain PbS 
nanoparticles, 2 the nanocomposites contain Fe2O3 nanoparticles) 

Molecular weight Rtheo [nm] Rmeas [nm] Rstruc [nm] 

PS PI PS PI PS PI 

16300 g/mol1 6.1 6.9  could not be measured 

25650 g/mol2 7.7 8.6 No data 5.0±0.6 4.6±0.8 

28500 g/mol1 7.7 9.5  6.5±0.8 5.4±0.9 4.5±0.9 5.4±0.9 

48500 g/mol1 10.3 12.1 9.1±1.0 9.0±1.2 8.8±1.2 8.0±1.5 

 
Rtheo was calculated as follows: 
 

𝑅𝑅𝑡𝑡ℎ𝑒𝑒𝑒𝑒 = 𝑏𝑏𝑖𝑖 ∙ �𝑁𝑁𝐾𝐾,𝑖𝑖 = 𝑏𝑏𝑖𝑖 ∙ �
𝑀𝑀𝑖𝑖

𝑀𝑀0,𝑖𝑖
 

Here bi is the Kuhn length (bPS = 1.8 nm; bPI = 0.84 nm), NK,I is the number of Kuhn segments and M0,I is the molar mass 
of one Kuhn segment (M0,PS = 720 g/mol; M0,PI = 120 g/mol). 
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Experimental Section 
 
Polymer synthesis 
 
Anionic polymerization of PI117-PS80-OH, PI226-PS126-OH, PI368-PS225-OH 
 
Cyclohexane (Aldrich) and tetrahydrofurane (THF, Aldrich) were dried with a sodium/potassium alloy and benzophenone 
(ACROS Organics, 99%, pure) for several days. Isoprene (Aldrich, 99%, <1000 ppm p-tert-butylcatechol) and styrene 
(Aldrich, Reagent Plus, ≥99%, contains 4-tert-butylcatechol as stabilizer) were dried over calcium hydride (Aldrich, powder, 
0-2nm, reagent grade, ≥90%) and di-n-butylmagnesium (Aldrich, 1.0 M in heptane). Ethylene oxide (Air Liquide) was dried 
over calcium hydride and n-butyllithium (Aldrich, 2.5 M in hexane).  
Isoprene was added to the solvent cyclohexane and the polymerization was started by injecting sec-BuLi (Aldrich, 1.4 M 
in cyclohexane). The solution was stirred at 30 °C over night. The styrene was added and the solution was stirred over 
night at 40 °C. THF was added as an additional solvent, before the ethylene oxide was added. The polymerization was 
terminated by the addition of acetic acid. Subsequently, the polymer was purified and dried. 
 
Anionic polymerization of PI184-PS126-OH 
 
Benzene (Merck, 99.5%) was dried over n-BuLi and styrene. Isoprene was degassed and dried once over di-n-
butylmagnesium and once over n-BuLi. Styrene was degassed and dried two times over di-n-butylmagnesium. Ethylene 
oxide was degassed and dried two times over calcium hydride.  
First benzene and then isoprene were added to t-BuLi (Aldrich, 1.7 M in pentane) and the polymerization was started by 
defrosting the flask. The solution was stirred over night. The styrene was added and the solution was stirred over night. 
The ethylene oxide was added and the solution was stirred for several hours before the polymerization was terminated by 
the addition of acetic acid. Subsequently, the polymer was purified and dried. 
 
Functionalization with PEHA 
 
The hydroxyl end funtionalzied polymer was dissolved in chloroform (Aldrich, anhydrous, contains amylenes as stabilizer, 
≥99%) and the solution was then added to a solution of carbonyldiimidazol (CDI, Aldrich, reagent grade, 25-fold excess) 
in chloroform. The solution was stirred over night, before it was extracted three times with water and dried under vacuum. 
Pentaethylene hexamine (PEHA, Aldrich, technical grade, 25-fold excess) was dissolved in chloroform and the solution of 
the activated polymer in chloroform was added dropwise. The solution was stirred over night, before it was extracted three 
times with water and subsequently dried under vacuum. 
 
Nanoparticle syntheses 
 
PbS nanoparticle 
 
In a typical synthesis lead (II) oleate was synthesized in-situ by dissolving 1.5 mmol of lead (II) acetate trihydrate (Aldrich, 
ACS reagent, ≥99%) and 3 mmol of oleic acid (Alfa Aesar, Tech. 90%) in 60 mL of 1-octadecene (Aldrich, technical grade, 
90%). The mixture was purged for 1 hour at 110 °C. Subsequently, the solution was heated up to 140 °C before 0.75 mmol 
of bis(trimethylsilyl) sulfide (0.5 mol/L in octadecene, Aldrich, synthesis grade) were injected. The resulting solution was 
cooled to 90 °C and held there for 3 hours. The purification was done by precipitation with acetone and subsequent 
centrifugation. The obtained nanoparticles were redispersed in THF. 
 
ZnO nanoparticles 
 
The synthesis was done according to Ehlert et al.[2] Zinc oleate was used as a precursor for the synthesis. It was prepared 
from zinc chloride (Aldrich, puriss p.a., ACS reagent, ≥98%) and sodium oleate (TCI, >97%). 0.25 mol of zinc chloride 
were dissolved in 500 mL of water and then added to a solution of 0.5 mol of sodium oleate in water. The white precipitate 
was purified by filtering and subsequent washing with water. Afterwards, the zinc oleate was dried. 
In a typical nanoparticle synthesis 16 mmol of zinc oleate were dissolved in 300 mL of THF. The solution was heated to 
60 °C and a solution of 16 mmol of potassium hydroxide (Aldrich, ACS reagent, ≥85%) in 16 mL of methanol (Aldrich, 
puriss p.a. ACS reagent, ≥99.8%) was added. The reaction mixture was held at 60 °C for several hours. After cooling to 
room temperature an excess of ethanol (VWR, 96%) was added and the white precipitate was purified by centrifugation. 
Subsequently, it was redipersed in THF. 
 
FeOx nanoparticles 
 
The synthesis was based on a synthesis instruction by Hyeon et al.[3] The iron oxide nanoparticles were prepared from 
iron(III) oleate in a thermal decomposition. The oleate was synthesized by dissolving iron(III) chloride hexahydrate (Aldrich, 
puriss p.a. ACS reagent, ≥99.8%) and sodium oleate in a mixture of ethanol, water and heptane (Aldrich, reagent grade, 
99%). The solution was heated to 70 °C for several hours, before it was extracted three times with water and subsequently 
dried. For the nanoparticles the iron oleate was dissolved in 100 g of 1-octadecene and 10.3 mmol of oleic acid was added 
before the mixture was heated to 317 °C with 3.3 K/min. The temperature was held 317 °C for 9 min. The nanoparticles 
were then precipitated and purified, before they were redispersed in toluene (Aldrich, puriss p.a., ACS reagent, ≥99.7%) 
or THF. 
 
According to Hyeon et al[3] the composition of the iron oxide nanoparticles is (γ-Fe2O3)1-x(Fe3O4)x and the value of x 
depends on the size of the nanoparticles. The estimation is that for small nanoparticles (about 5nm) the γ-Fe2O3 phase is 
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dominating. For reason of simplification – and as we have not tested the magnetism of our synthesized nanoparticles – 
we will refer to all iron oxide nanoparticles as Fe2O3. 
 
Cu2ZnSnS4 nanoparticles 
 
The synthesis of the Cu2ZnSnS4 (CZTS) nanoparticles was done in a heat-up synthesis according to Shavel et al.[4] 2.7 
mmol of copper(II) chloride dihydrate (Aldrich, ≥99.0%), 2.4 mmol of zinc oxide (Aldrich, ≥99%) and 0.9 mmol of tin(IV) 
chloride pentahydrate (Aldrich, 98%) were dissolved in tetrahydrofuran. Then, 12 mmol of oleylamine (Aldrich, technical 
grade, 70%) and 12.6 mL of 1-octadecene were added and the mixture was purged for one hour at 175 °C. The reaction 
mixture was then cooled to 100 °C and a mixture of 25 mmol of tert-dodecanethiol (Aldrich, mixture of isomers, 98.5%) 
and 2.5 mmol of 1-dodecanethiol (Aldrich, ≥98.0%) was injected. With a heating rate of 15 K/min the reaction mixture was 
heated up to 250 °C, kept at 250 °C for one hour and afterwards cooled to room temperature. The nanoparticles were 
precipitated with a toluene/ethanol mixture (1:4) overnight. The purification was done by centrifugation and subsequently 
the nanoparticles were redispersed in THF. 
 
Ligand exchange 
 
The ligand exchange was done according to Ehlert et al.[5] In order to control the grafting density, we calculated the amount 
of polymer which was to be added with the following equation: 
 

𝜎𝜎 =
4 ∙ 𝑟𝑟𝑁𝑁𝑁𝑁3 ∙ 𝜌𝜌𝑁𝑁𝑁𝑁 ∙ 𝑁𝑁𝐴𝐴 ∙ (100 − 𝑋𝑋𝑁𝑁𝑁𝑁)

3 ∙ 𝑑𝑑𝑁𝑁𝑁𝑁
2 ∙ 𝑀𝑀 ∙ 𝑋𝑋𝑁𝑁𝑁𝑁

 

 
σ is the grafting density of the polymer on the nanoparticles surface, rNP is the radius of the nanoparticles, 𝜌𝜌𝑁𝑁𝑁𝑁 is the density 
of the nanoparticles, NA is the Avogadro constant, XNP is the weight percentage of the nanoparticles, dNP is the diameter 
of the nanoparticles and M is the molecular weight of the polymer. 
 
TEM sample preparation 
 
The TEM samples were prepared from a toluene or cyclohexane solution on a standard TEM grid (cooper grid coated with 
a thin carbon film, 400 mesh) without further treatment of the TEM grid. The concentration of the solutions was 0.6 mg/mL. 
The TEM grid was immersed in 8 µL of solution and the sample was allowed to dry. The sample was then stained for 
about 90 min with OsO4 vapour (4 % in water).  
 
Methods 
 
TEM imaging 
TEM measurements were conducted with a Zeiss CEM902 (80kV), a Zeiss/Leo EM922 Omega (200kV) and a Philips 
CM20 (200kV). 
 
ADF STEM imaging 
Annular dark-field (ADF) scanning transmission electron microscopy (STEM) images were recorded as a function of 
specimen tilt angle in an FEI Titan G2 80-200 ChemiSTEM electron microscope operated at 200 kV. This microscope is 
equipped with a Schottky-type high brightness electron gun (X-FEG) and a probe spherical aberration corrector (CEOS 
DCOR). Specimen tilt angles of between -60° and +60° were used, with a tilt increment of 5° between -50° and +50° and 
2.5° otherwise. The entire tilt series were recorded automatically using FEI Tomography software version 4.0, with the 
dynamic focus function calibrated and enabled. Each ADF STEM image had a size of 2048  2048 pixels with a pixel size 
of 0.19 nm. The electron beam convergence semi-angle was 24 mrad and the inner collection semi-angle of the ADF 
detector was 43 mrad. 
 
STEM tomography reconstruction 
The images in the ADF STEM tilt series were aligned using cross correlation and binned by a factor of 2. Tomographic 
reconstruction was carried out using the simultaneous iterative reconstruction technique with 100 iterations. Image 
alignment and reconstruction were performed using FEI Inspect3D software version 4.1.2. Visualization of the final three-
dimensional reconstruction was carried out using FEI Avizo software version 9.0. 
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Polymer characterization 
 
SEC measurements 

  

  
Figure 8: SEC plots for the polymers PI368-Ps225-OH, PI226-PS126-OH, PI186-PS126-OH and PI117-PS80-OH. The SEC of PI186-PS126-OH was 
measured on a different setup which results in a different elution volume compared with the other measurements. 

 
Table 2. Summary of the synthesized PIm-PSn-OH block copolymers. (a determined from SEC, b determined from 1H-NMR.) 

 PIa PSb PI-PS-OH 

Mn 
[g/mol] 

m fPI Mn 
[g/mol] 

n fPS Mn 
[g/mol] 

PDIa χN 

PI117-PS80-
OH 

8000 117 0.53 8300 80 0.47 16300 1.04 30.3 

PI184PS126-
OH 

12550 184 0.45 13100 126 0.55 25650 1.01 47.7 

PI226-
PS126-OH 

15400 226 0.58 13100 126 0.42 28500 1.03 54.1 

PI368-
PS225-OH 

25100 368 0.56 23400 225 0.44 48500 1.05 91.2 
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NMR spectra 
 

 
Figure 9: NMR spectrum of PI368-PS225-OH. 

 

Figure 10: NMR spectrum of PI368-PS225-CDI. 

9 8 7 6 5 4 3 2 1
Chemical Shift (ppm)

0

0.05

0.10

0.15

N
or

m
al

iz
ed

 In
te

ns
ity

3372.482.3039.36350.001124.24

1.
43

1.
62

1.
70

1.
90

2.
05

3.
30

4.
70

4.
77

5.
14

6.
59

7.
06

7.
11

THF

9 8 7 6 5 4 3 2 1
Chemical Shift (ppm)

0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

0.09

0.10

0.11

0.12

0.13

N
or

m
al

iz
ed

 In
te

ns
ity

3423.532.4239.18350.001117.051.711.160.82

1.
44

1.
61

1.
69

1.
99

2.
05

4.
29

4.
69

4.
77

5.
14

6.
59

7.
06

7.
10

7.
35

8.
15

9.
10



13 
 

 

Figure 11: NMR spectrum of PI368-PS225-PEHA. 

 
Figure 12: NMR spectrum of PI226-PS126-OH. 
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Figure 13: NMR spectrum of PI226-PS126-CDI. 

 

Figure 14: NMR spectrum of PI226-PS126-PEHA. 
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Figure 15: NMR spectrum of PI186-PS126-OH. 

 

Figure 16: NMR spectrum of PI186-PS126-CDI. 



16 
 

 

Figure 17: NMR spectrum of PI186-PS126-PEHA. 

 

 
Figure 18: NMR spectrum of PI117-PS80-OH. 
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Figure 19: NMR spectrum of PI117-PS80-CDI. 

 

Figure 20: NMR spectrum of PI117-PS80-PEHA. 
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