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Following the Formation of Single-Chain Nanoparticles Generated 
by Interblock Crosslinking within Diblock Copolymers: A Monte 
Carlo Simulation Study with Adjustable Interaction Strength 
between the Blocks
Anja Voigt,a Christian Strauch,b Tom Höfken,b Mirco Wahab,c Wiebke Hadwich,a Christopher 
Barner-Kowollik,d,e Conrad Hübler,a Stefanie Schneider*b and Felix A. Plamper*a,f,g 

We investigated the folding and crosslinking of diblock copolymers 
with interblock-crosslinkable units in dilute solution.  We used  a 
bead-spring model for the polymer and Monte Carlo simulations for 
the crosslinking. At no and small interblock attractive interaction, 
the observed zipping between spatially proximate crosslinkers 
results in single-chain nanoparticles resembling expanded ladder-
type polymers. Stonger attractive interactions between the 
different blocks lead to an enhanced internal confinement resulting 
in more compact, randomly crosslinked structures. The structural 
outcome of the “reactive” Monte Carlo (MC) simulations was also 
qualitatively recovered by applying “reactive” Molecular Dynamics 
(MD) simulations.

1. Introduction
Single-chain nanoparticles (SCNPs), which consist of only one 
parental polymer chain being internally crosslinked, have 
emerged as a versatile class of nanostructures inspired by the 
folding behaviour of naturally occurring macromolecules. Their 
unique properties have enabled applications in catalysis, 
sensing, and nanomedicine.1 Further, they can be used for 

viscosity adjustment2,3 or polymer blending purposes.4–6 Recent 
advances have highlighted SCNPs as bioinspired nanoreactors 
for synthesizing nanomaterials and capturing CO2,7 showcasing 
their potential for sustainable applications.8 For instance, SCNPs 
have been utilized as nanoreactors for (photo)catalytic 
processes,9–11 leveraging their confined macromolecular 
environment12 similar to enzymatic systems.13 Novel pathways 
have been developed to generate SCNPs14 with enzyme-
mimetic activity, demonstrating compartmentalized15 catalytic 
sites and reductase-like properties.16 Furthermore, SCNPs have 
been shown to act as multifunctional nanoreactors, with 
tailored polymeric pockets enhancing substrate recognition and 
catalytic efficiency.17

Additionally, SCNPs have demonstrated catalytic functionality 
in biological media, enabling spatially controlled reactions for 
therapeutic applications.18 The versatility of SCNP synthesis has 
expanded significantly, with studies emphasizing the role of 
precursor topology,19 crosslinking chemistry in achieving 
specific morphologies,20 as well as light-induced avenues to 
control their folding state.21 Computational studies have 
provided insights into chain folding,22 SCNP formation and SCNP 
behaviour, though they have been identified as a challenge in 
terms of being an effective link in SCNP research for guiding the 
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Fig. 1: Structure of polymer investigated with numbered beads for 
crosslinking, while bridges can only be established between the blue 
and red block (between bright blue and green beads)
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experimental design toward unique topologies.23 Molecular 
dynamics MD simulations have revealed the impact of 
orthogonal chemistry on achieving compact and spherical 
SCNPs,24 and elucidated the exact structure of photocatalytic 
pocket design within complex SCNPs.25 Further, simulations 
elucidate the interaction between SCNPs and lipid 
membranes.26 Molecular confinement effects during synthesis 
have been shown to influence SCNP morphology, particularly 
for ring precursors, which adopt crumpled globular 
conformations.27 Machine learning approaches have further 
elucidated the relationship between precursor sequence 
patterning and SCNP morphology, offering a platform for 
sequence-based design.28 Also the internal motion,29 diffusion30 
or effect of shear rate on SCNP formation31 could be captured 
by simulations.
Early on, a taxonomy emerged that classified the 
macromolecular construction principles underpinning SCNP 
design, most notably repeat unit folding (where the folding 
units are randomly dispersed in the parent polymer chain) and 
selective point folding (where the folding only occurs between 
specifically placed folding units at defined positions within the 
prepolymer chain).32,33 However, the folding of block copolymer 
systems has neither been systematically classified nor explored 
in detail, although such systems are offering unique 
opportunities, including the design of highly bespoke catalytic 
pockets to progress specific (photo)catalytic reactions or the 
design of SCNP morphologies – including pancake-like, 
sandwich-like or pom-pom structures – otherwise not 
accessible. 
Thus, based on the above noted advances in SCNP 
technology34,35 and the opportunities in block precopolymer 
design, the folding behaviour of diblock copolymers into SCNPs 
awaits detailed exploration and exploitation. 
As an initial critical step, we investigate the influence of 
interblock interaction potentials on the intra-molecular 
crosslinking and resulting SCNP structure using pseudo-kinetic 
Monte Carlo (MC) simulations.36–38 With this, we address gaps 
in understandin SCNP structure formation and aim to 
contribute to the rational design of SCNPs for advanced 
applications, such as effective surfactants.39

Our work was inspired by the observation that block 
copolymers made of poly(dimethylaminoethyl methacrylate) 
(PDMAEMA) and poly(propylene oxide) (PPO) show an 
attractive interaction between the monomers of the different 
blocks, which is especially visible at interfaces and for advanced 
macromolecular architectures like branched miktoarm star 
polymers.40–42 In earlier MC simulation work, we investigated 
the conformational changes and intramolecular complexation 
behaviour of these star polymer, by using a bead spring polymer 
model and similar generic interaction potentials as employed in 
this work.43,44 For the sake of simplicity, we assumed good 
solvent conditions for each block (which is a reasonably good 
approximation for PPO and PDMAEMA in water at low 
temperature, where both constituents are soluble, while both 
polymers phase separate at higher temperatures). While subtle 
conformational changes occur already at lower attractive 
interaction strengths, a pronounced collapse of the polymer 

chain primarily takes place for a larger attractive interaction, 
and a strong reduction in the radius of gyration and the end-to-
end distance is only apparent at 𝜖 ≥ 0.6 kB𝑇 (see also Fig. S1/2 
in the Supporting Information SI). Noteworthy, the amount of 
complexed monomer units taken from simulation and (low 
temperature) experimental results are in line when assuming an 
interaction strength 𝜖 of approximately 0.6 kB𝑇 for PDMAEMA 
and PPO.45

Here, we focus on the question, whether this special behaviour 
as seen for PPO and PDMAEMA could be used to generate 
advanced polymer architectures, which are challenging to be 
obtained by other means. More specifically, we investigate the 
generation of SCNPs from diblock copolymers, where the 
number and position of crosslinks and the resulting SCNP 
topology can be altered by adjusting the attractive interactions 
between the two blocks. 
Experimentally, the crosslinking occurs either thermally or 
photochemically in the diluted state,46–48 providing control in 
bridging only between the blocks by advanced 
photochemistry.49 In addition, tuning of the interaction strength 
can be achieved by varying the temperature for thermo-
responsive polymers like PPO and PDMAEMA (see our previous 
paper, also for a structural picture of the complex;41 
alternatively, also electrostatic contributions in case of 
polyampholyte block copolymers could lead to a tuneable 
behaviour in dependence of pH and salt). Finally, different 
SCNPs structures could result, as demonstrated experimentally 
also by introducing hydrophobic substituents leading to chain 
collapse before crosslinking.50

In this work we use a bead spring model for the diblock co-
polymer and perform Monte Carlo simulations with the 
possibility to form additional bonds between crosslinkers during 
the simulation. With this, we combine aspects of our previous 
simulation work on block-type copolymers42,43,45,51,52 and of our 
simulation work on nanogels53–57 as SCNPs can be regarded as 
the smallest microgels, consisting of just one chain. The results 
from the MC simulations are compared to MD simulations of 
the same model (see SI).
So far, we focus on a scenario with equidistant location of the 
crosslinkable monomer bead (every tenth bead rendered 
crosslinkable), which represents the average expected 
distribution of an ideal, azeotropic copolymerization of the 
main monomer and a crosslinkable monomer. Stochastic 
sequence variations58,59 will be an issue for future 
investigations. 
The details of the model as well as the parameters for the 
simulation are given in section 2 and our results are shown and 
discussed in section 3. 
In the first part we show the results of the dynamic crosslinking 
and SCNP formation under various conditions. We compare the 
resulting distributions of the crosslinks to a perfect ladder-type 
polymer and to a randomly crosslinked chain, i.e. a polymer, 
where all crosslinking options are treated equally, irrespective 
of the location along the chain.
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In the second part, we investigate the structures, which we 
obtained, and compare them again to the structures of perfect 
ladder-type polymers. 
In the last part of the results section, we look at the dynamics 
of the crosslink-formation under different conditions.

2. Model and simulation parameters 
The diblock copolymer was modeled as a bead-spring chain, 
consisting of 100 beads of type A and 100 beads of type B. To account 
for excluded volume, all beads interact with a hard-sphere potential 

𝑢𝐻𝑆 𝑟𝑖𝑗 =
∞           (𝑟𝑖𝑗 ≤ 𝜎)
0            (𝑟𝑖𝑗 > 𝜎)

where 𝑟𝑖𝑗 is the distance between beads 𝑖 and 𝑗 and 𝜎 is the bead 
diameter 𝜎 = 0.4 nm.

For chain connectivity, consecutive beads along the polymer chain 
additionally interact with a harmonic bond potential

𝑢𝑏𝑜𝑛𝑑 = 𝑘
2 𝑟𝑖𝑗 ― 𝑟0

2
  

with 𝑘 being the spring constant of 𝑘 = 16 𝑘𝑏𝑇
𝜎2 , 𝑟𝑖𝑗 being the actual 

distance between the two beads and 𝑟0 = 1.25 𝜎 = 0.5 nm being 
the equilibrium distance. 

Every tenth bead in the chain, beginning with bead 5, was designated 
as a crosslinkable bead. Each of these crosslinkable beads can form a 
new permanent bond with a corresponding crosslinkable bead from 
the other block during the simulation. (see Fig. 1).

Additionally, we implemented an attractive potential for interactions 
between beads of type A and beads of type B. The potential depth 𝜖𝑖𝑗

 was varied in three increments, ranging from 0.0 k𝐵𝑇(indicating no 
attractive interaction) to 1.2 k𝐵𝑇 (representing a relatively strong 
attractive interaction). In this context, we employed the attractive 
component of a truncated Lennard-Jones potential in conjunction 
with the hard sphere potential.

𝑢𝑖𝑗 𝑟𝑖𝑗 =

∞                                                       (𝑟𝑖𝑗 ≤ 𝜎)

4𝜖𝑖𝑗
𝜎

𝑟𝑖𝑗

12

―
𝜎

𝑟𝑖𝑗

6

  (𝜎 < 𝑟𝑖𝑗 ≤ 𝑟𝑐𝑢𝑡)
0                                                      (𝑟𝑐𝑢𝑡 < 𝑟𝑖𝑗)

A single diblock chain was placed in a simulation box with a length of 
300 𝜎(equivalent to 120 nm; with 𝑟cut = 150 𝜎, or 60 nm). Monte 
Carlo simulations were conducted in the canonical (NVT) ensemble, 
utilizing exclusively single-particle translational moves with a 
maximum displacement of 0.6 nm. This approach was implemented 
to prevent artificial movement of larger chain segments and to 
achieve pseudo-kinetic behavior in the evolution of chain 
configurations. The simulation temperature was set at 𝑇 = 298.15 K
.

All other simulations were conducted in four distinct phases. In the 
first phase, the system was equilibrated for 0.5 × 106 Monte Carlo 

(MC) steps at 0.6 k𝐵𝑇 and for 106 MC steps at both 0.0 k𝐵𝑇 and 1.2 
k𝐵𝑇. The second phase involved setting new crosslinks during a 
crosslinking run, which consisted of 106 MC steps at 0.0 k𝐵𝑇, 0.5 ×
106 MC steps at 0.6 k𝐵𝑇, and 0.1 × 106 MC steps at 1.2 k𝐵𝑇. In the 
third phase, the resulting SCNP was equilibrated for an additional 
106 MC steps. Finally, in the fourth phase, we evaluated structural 
parameters such as end-to-end distance (𝑅𝑒𝑒) and radius of gyration 
(𝑅𝑔) for the equilibrated SCNP over another 106MC steps.

In the second phase, permanent (chemical) crosslinks were 
established with a probability of 1.0 if two previously uncrosslinked 
crosslinkable beads were found within a distance smaller than the 
critical crosslinking distance (𝑟distcl = 1.25 𝜎 for 𝜖𝑖𝑗 = 1.2 k𝐵𝑇, or 
𝑟distcl = 1.50 𝜎 for all other cases). For the crosslinks, the same 
harmonic potential is used as for the consecutive beads along the 
chain.

For each parameter set in the SCNP simulations, we performed 200 
simulations using different seeds for the random number generator 
to ensure robust statistical representation of the formed SCNPs. 
These simulations were executed with a modified version of the 
modular simulation software Molsim.63 

To facilitate comparison with our SCNP results, we also conducted 
structural analyses on linear diblock copolymers exhibiting AB 
attraction and on preformed ladder polymers (with crosslinks 
established between beads 5 and 195, 15 and 185, etc.). For these 
polymer systems, we determined the end-to-end distance and radius 
of gyration following equilibration of the chains. To exclude an 
influence of the chosen method on the final structure of the SCNP, 
we performed additional molecular dynamics (MD) simulations for 
comparison (SI)

3. Results and discussion 

3.1. Dynamic crosslinking simulations
Crosslinking simulations were conducted with a 100% 
crosslinking probability upon encounter of crosslinkable beads 
within the critical threshold radius 𝑟𝑑𝑖𝑠𝑡𝑐𝑙. In the following, we 
focus on simulations with interaction energies 𝜖 of 0.0 kB𝑇, 0.6 
kB𝑇 and 1.2 kB𝑇 for the attractive Lennard-Jones potential 
between beads of different particle type. For each set of 
parameters, 200 independent dynamic crosslinking procedures 
were simulated to obtain a statistical distribution of SCNP 
topologies. 
The resulting averaged microstructures were analyzed by 
generating heat maps that depict the frequency with which 
each single crosslinking option is realized (central column Fig. 
2). In addition, contact frequency of all possible pairs of 
crosslinker in the absence of crosslinking  (left column Fig 2) and 
the initial three crosslinks at the onset of the SCNP formation 
(right column Fig.2) were also identified. Our analysis reveals 
that an increased interaction strength leads to an overall higher 
contact probability among crosslinkable beads (as shown in the 
left column of Fig. 2). Notably, a partially antiparallel 
arrangement of blocks appears to be favored at lower 
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interaction strengths. This preference can be attributed to the 
inherent monomer sequence along the chain of the copolymers 
and is translated into the resulting 3D-configuration of the 
macromolecule. Initial crosslinks are preferentially formed 
between monomers that are in close proximity because of their 
arrangement along the chain; thus, crosslinkers located near 
the block junctions tend to connect first—an observation 
consistent regardless of interaction strength. However as the 
interaction strength increases, the likelihood of establishing one 
of the first crosslinks far away from the block junction increases. 
This is evidenced by a pronounced brightness in the bottom 
right corner of the heat map at 𝜖 = 0.0 k𝐵𝑇  and a 
homogeneous color of the heat map at 𝜖 = 1.2 k𝐵𝑇 (refer to 
Fig. 2(c) and (i)). Such behavior can be explained by a more 
globular structure arising from sufficiently high attraction 
between blocks, which facilitates closer proximity among all 
crosslinkable beads. 
 Interestingly, going from no attraction to weak attraction has 
only marginal influence on the average structure of the 
resulting SCNP as the heat maps look rather identical for 0.0 kB
𝑇 and 0.6 kB𝑇 (Fig. 2 (b) and (e)). However, it is worth noting 
that brighter regions appear in both upper right and lower left 
corners when attractive interactions are absent, indicating a 
lower probability of crosslinks between central crosslinker 
beads and crosslinker beads at the chain end of the other block. 

Even though a substantial number of initial crosslinks are set 
“off-center” at intermediate and high interaction energies, 
these “off-center” crosslinks will also be set at a later stage of 
the SCNP formation in case of absent interblock interaction. 
Nevertheless, distinct internal structural characteristics emerge 
under conditions with no attractive interaction versus those 
with high attractive interactions. There is a clear trend when 
increasing the interaction strength even further. While a more 
ladder-like structure is observed for 𝜖 = 0.0 kB𝑇, a more 
random crosslinking becomes prevalent at 𝜖 = 1.2 kB𝑇, with 

(a) 0.0 kB𝑇. 

 
(b) 0.6 kB𝑇. 

 
(c) 1.2 kB𝑇 .

Fig. 3: Probabilities of finding certain distances along the chain (in 
number of monomers) between two mutually crosslinked monomers 
(; : the theoretical case for ideal statistical crosslinking; : the case 
of an ideal ladder polymer; the latter curve was adjusted from 10 % 
probability each for having 10, 30, 50 etc. monomer distances to 5 % 
with “virtual” intermediate distances, i.e. 20, 40, 60 etc., which are not 
present in ideal ladder-type polymers)

(a) Statistical contacts. (b) Set crosslinks. (c) First 3 crosslinks.
Interblock interaction strength of 0.0 kB𝑇.

(d) Statistical contacts. (e) Set crosslinks. (f) First 3 crosslinks.
Interblock interaction strength of 0.6 kB𝑇.

(g) Statistical contacts. (h) Set crosslinks. (i) First 3 crosslinks.
Interblock interaction strength of 1.2 kB𝑇.

Fig. 2: Heatmaps, whose “darkness” is proportional to the frequency 
of „interblock contacts” (left column), of finally established 
crosslinks of a basically fully crosslinked SCNP (center) and of the 
first 3 crosslinks established during formation of the SCNP; all 
simulations at 𝜖 = 0.0 kB𝑇 (upper row), at 𝜖 = 0.6 kB𝑇 (center row) 
or at 𝜖 = 1.2 kB𝑇 (lower row; color code assigned to percentages is 
given to the right)
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nearly identical probabilities for crosslinking for all mutually 
crosslinkable monomers indicating a more compact structure. 
The interaction strength significantly influences the internal 
structure of SCNPs, as evidenced by the frequency distribution of 
distances between crosslinks (see Fig. 3). Notably, a distance of 10 
monomers between crosslinks is frequently observed, with a local 
maximum at this value. This preference arises because the most 
likely crosslink occurs closest to the junction point of the two blocks 
(specifically, bead 95 linking to bead 105). In contrast, this 10-
monomer distance cannot be established with any other crosslinking 
configuration. Similarly, a distance of 190 monomers can only occur 
once (between bead 5 and bead 195), resulting in the lowest 
probability among all measured distances. Intermediate distances 
reveal several possibilities, with a maximum frequency observed 
near a distance of 110 monomers. Theoretically, one would expect a 
most frequent spacing of approximately 100 monomers (as 
illustrated in Fig. 3 ). This peak becomes more pronounced with 
increased interaction strengths and shifts closer to the theoretical 
value of 100. This behavior aligns with an idealized triangular 
distribution that reflects the number of available crosslinking options 
for specific spacings.
The average distance between the crosslinked monomers is 84.7 for 
0.0 kB𝑇 and 96.8 for 0.6 kB𝑇 (the difference to the average 100 can 
probably be explained by the incomplete crosslinking for some of the 
structures). It appears that molecules lacking interblock attraction 
exhibit enhanced crosslinking among monomers positioned at 
shorter distances within the molecule, whereas those with interblock 
attraction yield averages closer to theoretical expectations. 
Thus, we conclude that higher interaction strengths promote an 
“ideal” statistical crosslinking scenario where all crosslinkable beads 
are treated equivalently. This phenomenon can be explained by the 
more compact conformations observed under stronger interactions; 
in these cases, the positioning of beads along the chain exerts less 
influence on their precise locations within the partially collapsed 
globule surrounded by other beads. Conversely, extended 
conformations tend to inhibit contacts between beads that are 
situated far from block junctions.

3.2. Ladder-type polymer and comparison of structures
Despite the increased randomness in crosslinking observed under 
attractive conditions, the antiparallel diagonal of the heat maps 
suggests a significant contribution from zipping mechanisms that 
lead to SCNPs with ladder-type sequences. An extreme case of such 
SCNPs would resemble a perfect "ladder polymer”,64 where bead 95 
links to bead 105, bead 85 to bead 115, bead 75 to bead 125, … until 
bead 5 links to bead 195. To further explore this phenomenon, we 
also investigated an ideal ladder-type polymer that does not exhibit 
any topological through-space connections between the formed 
rings; specifically, it lacks intramolecularly catenated rings (see Fig. 
4).65

The comparison of the ideal ladder-type polymer to the dynamically 
crosslinked SCNPs allowed the evaluation of the impact of stochastic 
crosslinking versus controlled, predetermined crosslinking 
strategies. Regarding the end-to-end distance, the ladder polymers 
show the smallest value, since the two ends are captured by the 
nearest crosslink (bead 5 with bead 195). Consequently, the end-to-
end distance may not serve as an appropriate metric for comparing 

the compactness of SCNPs with that of ladder polymers. Conversely, 
attractive interactions are effectively captured in both end-to-end 
distance and radius of gyration, as the structures appear smaller with 
increased 𝜀. When considering the radius of gyration as a more 
reliable indicator of compactness, it becomes evident that ladder 
polymers are generally less compact than their dynamically 
crosslinked SCNP counterparts, aside from a few outliers. This 
observation can be attributed to the relatively extended 
conformation of the double strand in ladder polymers, which results 
in a halving of contour length. Thus, dynamically crosslinked SCNPs 
demonstrate significantly greater compactness compared to the 
extreme case of a pure ladder polymer though ladder-type 
sequences can be found in the SCNPs investigated here (see e.g. 
“double strand” in Fig. 4 (b), left hand side). The observed outliers 
are often indicative of inadequately crosslinked SCNPs, which 
predominantly occur at lower interaction strengths. Nevertheless, 
80% of the SCNPs exhibit a minimum of 9 crosslinks, even at 𝜖 = 0.0 
k𝐵𝑇. By comparing the SCNPs after their synthesis conditions were 
released (i.e., by setting the interaction parameter 𝜖 to 0.0 k𝐵𝑇for 
analysis following synthesis at 𝜖 = 0.6 k𝐵𝑇, and so forth), we observe 
in Fig. 6 that SCNPs synthesized under higher 𝜖values display a more 
compact structure when evaluated under identical equilibrated 

(a) Ladder-type polymer 0.0 kB𝑇.

                 
(b) SCNP at 0.0 kB𝑇.                              (c) SCNP “prepared” at 1.2 kB𝑇.

Fig. 4: Simulation snapshots of a ladder-type polymer with 0.0 kB𝑇 
interaction energy 𝜀 between the two ladder spars (this ideal ladder was 
taken as structural model for the simulation, meaning that the 
connectivity was “presynthesized” prior to the MC simulation) (a) and 
two examples for SCNPs equilibrated and depicted at 0.0 kB𝑇, but either 
“synthesized” at 0.0 kB𝑇 (b) or at 1.2 kB𝑇 (c; for the later cases, the 
connectivity was a result of the in silico synthesis during our MC 
simulations) 
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conditions (for further details, see the SI). This analysis reveals a 
significant dependence of the resulting SCNP structures on the 
synthesis conditions. We conclude that stronger attractions between 
the blocks lead to more random and compact configurations of the 
SCNPs, while ladder-type sequences are predominantly associated 
with lower interaction strengths. For some of the parameter sets, we 
analyzed the structures also in the inverse space by calculating the 
average form factors of up to 10000 configurations for each of the 
200 SCNPs after equilibration at 0.0 kB𝑇 (averaged over 200 particles 
for each condition; Fig 6). The formfactor will be helpful for 
comparison with corresponding scattering experiments. While the 

form factor of the uncrosslinked diblock resembles the one of a 
Gaussian chain (Debye form factor), the ladder-type polymer has 
signatures of a one-dimensional object with an intensity scaling close 
to a q-1 dependence (q-1.3). In between, we see a compaction towards 
a sphere for increasing interaction strength during crosslinking. The 
ladder-like sequences present in the SCNPs are not so dominant and 
exposed that a hint of a q-1 scaling would be discernable in the form 
factor plots. Nevertheless, the heat maps unequivocally demonstrate 
the presence of such zipped structures. These can only be directly 
seen in the scattering for higher contents of these structures, though 
the form factor obtained for structures “synthesized” at at low 
interaction energies are closest to the ladder type polymers.
Finally, we compared the MC results to “reactive” MD simulations in 
order to “validate” the independence of the structural outcome of 
the simulation method used in this paper.66 Both, the observed 
trends in the end-to-end distances and especially in the radii of 
gyration (see SI, Fig. S12) and the trends shown in the heat maps are 
reproduced by the MD approach (Fig. S13).
 
3.4. Pseudo-kinetics of SCNP formation 
Finally, the crosslinking process was monitored as a function of the 
elapsed Monte Carlo steps (see Fig. 7), providing insights into the 
pseudo-kinetics of SCNP formation. The distinction between 
different interaction strengths becomes particularly pronounced, as 
crosslinking is facilitated in the presence of an attractive potential, 
even when reducing 𝑟distcl to 5.0 Å at 𝜖 = 1.2 k𝐵𝑇. This is evident 
from the plot showing the number of simulation steps required to 
establish the last crosslink (Fig. 7(a)). Here, an apparent (!) 
“autocatalytic” behaviour can be observed, as the production of final 
SCNPs is retarded and rather unlikely at low step numbers, but the 
production rate of fully crosslinked SCNPs is increased at 
intermediate step numbers, (wrongly) suggesting an increasing rate 
constant during the course of the reaction. In the end, the 
conformational freedom becomes limited to find one of the few 
remaining crosslinking partners for some topologically demanding 
SCNPs, particularly at higher 𝜖. While one might anticipate that initial 
crosslink formation facilitates further crosslinking within the same 
molecule due to increased compaction, this "autocatalytic" principle 
does not hold true in our study, as discussed in the following 
paragraph. Analyzing  the number of steps between crosslinks, the 

  
(a) end-to-end-distances. 

 
(b) radii of gyration. 

Fig. 5: Comparison of the end-to-end distances and radii of gyration of the 
randomly linked polymers with the values of the ladder-type polymers 
and uncrosslinked diblocks; the indicated ε (in kB𝑇) was kept both for 
dynamic SCNP synthesis and analysis after SCNP formation for the left 
example, while the synthesis conditions were reversed for the right hand 
side (i.e. “𝜖𝑠𝑦𝑛 = 0.6 kB𝑇” indicates a “synthesis” at 𝜖 = 0.6 kB𝑇, but 
equilibration and analysis was performed at 𝜖𝑎𝑛𝑎 = 0.0 kB𝑇); red marked 
line in the box is the median and the middle 50 % of all values are located 
within the box; the bar is limited by the upper and lower statistical outlier 
limits, whose distance from the box corresponds to a maximum of one 
and a half times the length of the box; the points outside the outlier limits 
are “rogue results” that deviate significantly from the other values; the 
dashed green and dotted blue lines correspond to the mean values of the 
“presynthesized” ladder polymer and the parental diblock, respectively.

Fig. 6: Representations of the form factors calculated for the structures 
obtained for different “synthesis” conditions (uncrosslinked diblock, 
crosslinked at 0.6 and 1.2 kB𝑇, ideal ladder polymer) 
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short step numbers become increasingly prevalent with increasing 
interaction strengths (Fig. 7 (b)). These short step counts between 

crosslinks originate most likely from the small to intermediate 
formation times, before new crosslinks impede further crosslinking 
because of steric restriction caused by the crosslinking. 
An examination of the Monte Carlo steps taken to establish each        
n-th crosslink (Fig. 7(c)) produced a diagram indicating nearly linear 
dependence for molecules without interblock attraction and a 
nonlinear curve for those with interblock attraction, which exhibits a 
deceleration toward the end of SCNP formation (refer to SI  for a non-
logarithmic representation in Fig. S8).  Hence, a real acceleration in 
crosslinking is not seen during the course of the simulation toward 
single SCNPs, however, an impression of pseudo-autocatalytic 
behavior regarding overall SCNP generation can be inferred from Fig. 
7(a). This retardation during final SCNP formation occurs despite 
each crosslinking event resulting in a more compact structure with 
closer proximity among other crosslinkable monomers. 
Concurrently, reduced conformational freedom counterbalances this 
effect, as illustrated in Fig. 7(c). Notably, in cases involving attractive 
interactions, crosslinking slows down during the final phase of SCNP 
generation despite overall acceleration attributed to attractive 
interactions between both blocks. 

Conclusions
This study investigates the folding and crosslinking behaviour of 
dilute, coarse-grained diblock copolymers that carry crosslinkable 
units along the chain, which can only be crosslinked between the two 
blocks (interblock crosslinks). This crosslinking leads to SCNPs with 
an optional amphiphilic and Janus-like nature. The influence of 
interblock interaction strength and dynamic crosslinking on chain 
conformation was explored. Simulations revealed that an increasing 
interaction strength leads to more compact structures, quantified by 
a decrease in end-to-end distance and radius of gyration. Analysis of 
contact frequencies between crosslinker pairs identified preferential 
crosslinking between spatially proximate crosslinkers, particularly in 
an antiparallel ladder-type arrangement. However, dynamically 
crosslinked polymers exhibited a wider range of conformations 
compared to predefined "ladder" polymers, highlighting the impact 
of the stochastic crosslinking processes. An increase in interaction 
energy between both blocks leads to an accelerated and a more 
random crosslinking, where also beads far away from the block 
junction have a certain probability to crosslink at the beginning of the 
SCNP formation. This observation provides valuable information for 
designing specific crosslinking patterns for tailored nanostructures 
from diblock copolymers. We propose that imperfect ladder 
polymers can be obtained by the dynamic crosslinking process 
described here, in analogy to the hyperbranched polymers being the 
imperfect version of dendrimers. This work also emphasizes the 
ability of Monte Carlo simulations to determine the probability of 
folded polymeric structures by comparison between theoretically 
possible (ladder-like) polymers and those formed statistically. Finally, 
our work could guide synthesis, where negligible interaction 
between the blocks or even repulsion between the blocks could pave 
the way to ladder-type SCNPs, while stronger attraction under 
synthesis conditions would result in more compact SCNPs. In future, 
we plan to experimentally  investigate the PPO-b-PDMAEMA system 
in more detail. Simulations using effective interaction potential could 
further improve comparison with the experimental findings. We plan 

(a) Percentage of simulations having set the last(/tenth) crosslink at a 
certain MC step for three different interaction strengths

(b) Percentage of simulation intervals between MC steps, in which 
crosslinks were set 

(c) number of average MC steps in which the n-th crosslink was set. 

Fig. 7: Plot of the MC steps in which the last crosslink was set (top), plot of 
the number of MC steps after which a new crosslink was set in a cumulative 
histogram in each case (center) and plot of average step number in which a 
specific crosslink was set (bottom) 
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to estimate noncovalent interaction parameters for pairs of different 
polymer building blocks. The parametrization will be performed 
using computationally efficient yet accurate quantum-chemical 
methods, such as r2SCAN-3c67 or double-hybrid density 
functionals.68 Solvation effects will be implicitly included in the 
interaction parameters  through the use of appropriate implicit 
solvation models during the quantum-chemical calculations. This 
approach will allow us to replace  the generic potentials used in our 
simulations, with effective potentials from atomistic models while 
maintaining computational efficiency. Further, statistical variation of 
the monomer sequence during simulations will be a major advance, 
though one needs to select a representative set of copolymers to 
form subsequently the SCNP formation therefrom (in our case, there 
are ~ 2 . 1013 different monomer sequences for just one block!). This 
task will be the subject of our further research.
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During crosslinking, the interaction strength between two blocks of a diblock 
copolymer determines the final structure of the resulting single chain 
nanoparticles (SCNPs). Attraction during crosslinking leads to compact 
SCNPs, while negligible interactions are in favor of ladder-like sequences.

                            
                            vs

Directing the Structure of 
Single-Chain Nanoparticles?
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