
This is an Accepted Manuscript, which has been through the 
Royal Society of Chemistry peer review process and has been 
accepted for publication.

Accepted Manuscripts are published online shortly after 
acceptance, before technical editing, formatting and proof reading. 
Using this free service, authors can make their results available 
to the community, in citable form, before we publish the edited 
article. We will replace this Accepted Manuscript with the edited 
and formatted Advance Article as soon as it is available.

You can find more information about Accepted Manuscripts in the 
Information for Authors.

Please note that technical editing may introduce minor changes 
to the text and/or graphics, which may alter content. The journal’s 
standard Terms & Conditions and the Ethical guidelines still 
apply. In no event shall the Royal Society of Chemistry be held 
responsible for any errors or omissions in this Accepted Manuscript 
or any consequences arising from the use of any information it 
contains. 

Accepted Manuscript

www.rsc.org/softmatter

Soft Matter

http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/


Submitted to Soft Matter 

 1 

Binding to semiflexible polymers: a novel method to control the structures of 

small numbers of building blocks  

 

Dong Zhang
1
, Linxi Zhang

2,
 *

)
 

 

1
Department of Physics, Zhejiang University, Hangzhou 310027, China 

2
Department of Physics, Wenzhou University, Wenzhou 325035, China 

 

Abstract 

    Through the molecular dynamics (MD) simulation method, it is found that long 

semi-flexible polymer chains can serve as an effective soft elastic medium to manipulate the 

ordered structures of small numbers of building blocks and the ordered structures of small 

numbers of building blocks can be easily controlled by chain bending stiffness. For two spherical 

particles in polymer-particle mixtures, three local organizations are identified: monomer level 

tight particle bridging, direct contact aggregation and dispersion. For small numbers of spherical 

particles in polymer-particle mixtures, the ordered structures of particles such as spherical and 

linear aggregations of particles depend mainly on chain bending stiffness. For non-spherical 

building blocks, the relative orientations of neighboring building blocks are also affected deeply 

by chain bending stiffness. This investigation can help us understand the complexity of the 

self-assembly of small numbers of building blocks in polymer-particle mixtures and the gene 

activity in living cells as well as construct novel materials in the nanotechnology field. 
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 1. Introduction 

 

Over the past few years, the appearance of a spectacular variety of building blocks with 

different shapes, compositions, patterns and functionalities, which are enabled through chemical1-4, 

physical5-9 and biologically inspired10-12 methods, has promised a potential future in the 

nanotechnology field13. The most concerned topic about the related issues is focusing on the 

construction of a set of universal strategies which can be used to control these building blocks to 

form the desired structures and then to realize the special functions. For the building blocks in 

bulk, the self-assembly under various modalities, including energy-driven, entropy-driven, 

templated and field-directed, holds the main key to discovering a novel nanomaterial with high 

performance14-17. In these cases, building blocks are strongly associated with each other and their 

intrinsic elements, such as shape, inter-block interaction and so on, dominate the final structures of 

the building blocks. 

For a large number of building blocks, their main applications lie in the mixture with a 

polymer system (e.g., homogenous polymers, polymer mixtures and block copolymers)18 and 

those mixtures are of major scientific and technological interest in diverse areas such as polymer 

science19-20, nano-materials21-23 and biology field24. The key issues about these polymer 

nanocomposites include spatial structure, particle dispersion, phase transition, gelation, and 

network formation, etc. Similarly, the self-assembly of building blocks in these polymer 

nanocomposites is still of importance, and both the above intrinsic building block elements (shape, 

inter-block interaction, etc.) and the extrinsic environment conditions18 (the composition and 

molecular architectures of polymers, the interactions between building blocks and polymers, etc), 

will simultaneously play a key role in determining the final self-assembly structures of building 

blocks. For example, when low-volume fractions of nanorods are immersed in a binary, 

phase-separating blend, Balazs et al.25 found that the cooperative effects of the fluid-fluid, 

fluid-rod and rod-rod interactions provide a means of manipulating the motion of nanoscopic 

objects and directing the rods to self-assemble into needlelike, percolating networks, while this 

supramolecular structure exhibits electrical or structural integrity.  

For small numbers of building blocks (the number of building blocks roughly ranges from 1 

to 100), the researches on the related issues may help us decipher the structure of matter at many 
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different length scales26, control the crystallization behaviors of particles27, and understand the 

structure of chromatin28. For the case in which the direct inter-block attractive interaction is absent, 

the building blocks in the free status are nearly uncorrelated with each other when only small 

numbers of building blocks are present. Then, a suitable medium should be provided to collect 

these uncorrelated building blocks together and then to control their structures. Some existing 

experimental mediums used to study the packing of small numbers of spherical particles include 

liquid emulsion droplets26 and aqueous solutions containing some small 

poly(Nisopropylacrylamide) (polyNIPAM) nanoparticles29. In this case, the structures of small 

numbers of building blocks mainly depend on the features of the added medium, and the intrinsic 

building block elements only play a secondary role. Therefore, for the purpose of well 

manipulation on the structures of small numbers of building blocks, it is necessary to provide 

some more suitable mediums. Inspired by some biological organizations, we suggest here that the 

soft elastic mediums, such as semiflexible polymer chain, fluid and elastic membranes, can be 

treated as a good medium to aggregate small numbers of building blocks together and to control 

the structures of these building blocks if the binding interaction between the soft elastic mediums 

and building blocks is present, and this assumption has been partially proved by some previous 

simulation works which focused on the spherical particles domain30-32. For instance, relying on the 

elastic property of membranes, the spherical particles adsorbed on planar fluid membranes can 

organize into ordered hexagonal arrays and branched linear aggregations31, while the spherical 

particles adhering to the outer surface of an elastic nanotube can self-assemble into rings or 

helices and axial strings32. As expected, the structures of small numbers of building blocks binding 

to the soft elastic medium mainly depend on the topological and elastic properties of the medium. 

In this paper, by employing molecular dynamics simulations, we show that long semiflexible 

polymer chain can serve as the illustrative soft elastic medium to control the structures of small 

numbers of binding building blocks. And both the spherical and non-spherical building blocks, 

such as particle, rod (1-dimension,1D), regular triangle and hexagon (2-dimension,2D) and regular 

tetrahedron (3-dimension,3D), are taken into account. By varying the elastic property of the soft 

medium, here referred to the stiffness of semiflexible polymer chains, the ordered structures of 

small numbers of building blocks can be easily controlled. Our results may be helpful to 

understand the gene activity in living cells and to construct novel materials in nanotechnologies. 
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2. Simulation methods 

 

   In our coarse-grained model, the long semiflexible polymer chain is modeled by N linked 

coarse-grained spherical monomers. To prevent overlap between any two monomers, a purely 

repulsive truncated and shifted Lennard-Jones potential is used 

12 6
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1/6
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4 , 2

4( )

0 , 2                                   
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r rU r

r

σ σ
ε σ

σ
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Where r  is the distance between two monomers, σ  is the monomer diameter, and Bk Tε = . 

The neighboring monomers in polymers are linked by the finitely extendable nonlinear elastic 

(FENE) potential 
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Here r  is the distance between the two linked monomers, and the parameters are chosen to be 

230 /BK k T σ=  and 0 1.5R σ= . 

The bending energy used to describe the stiffness of polymer chains is modeled by an angle 

potential between adjacent bonds 

(1 cos )bendingU b θ= +                             (3) 

Where θ  is the angle between two consecutive bonds, and b  is the bending energy. 33. 

Volume exclusions between two spherical particles or between a particle and a monomer 

are imposed via shifted and truncated Lennard-Jones potentials of the expanded form34 
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           (4) 

The definition of ( )LJU r′ = ∞  for r ≤ ∆ comes from the fact that the domain with r ≤ ∆  is 

completely unreachable in MD simulations if the time step is sufficiently small. In fact, the LJ 

potential is exponentially increased when the distance r  approaches gradually to ∆ . For the 
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particles with diameter 4pσ σ= , the excluded interaction between two particles is described by 

Bk Tε =  and 3σ∆ = , and the excluded interactions between particles and polymer monomers 

are described by Bk Tε =  and 1.5σ∆ = . 

The binding between particles and polymer monomers is achieved by employing a truncated 

Morse potential 

2 ( ) ( )

0( ) 2 ,mp mpr r r r

Morse cU r D e e r r
α α− − − − = − ≤                    (5) 

Here 0D  is the binding interaction, 2.5mpr σ= is the monomer-particle contact distance, and a 

soft parameter 1.25 /α σ=  and a long cut distance 10cutr σ=  are used. 

The non-spherical building blocks are constructed by cN  linked spherical particles and 

these particles are frozen into like rigid-like bodies through employing shifted Lennard-Jones 

potential introduced in eqn (1) with σ σ ′= , FENE potential defined in eqn (2) with 

0 1.5 pR σ= , and the bending energy given in eqn (3) with 410 Bb k T= for the neighboring 

particles. To describe the shape of building blocks well, a large overlap between the neighboring 

particles is allowed and / 2pσ σ′ =  is used. The excluded interactions between other 

nonadjacent particles are still described by eqn. (4) with Bk Tε =  and 3σ∆ = . The 

interactions between two different building blocks or between building blocks and the polymer 

chains are realized by calculating all the related particle-to-particle or particle-to-monomer 

potentials given above. For rods, these particles are arranged into lines; for regular triangles and 

hexagons, these particles are arranged on a 2D hexagonal lattice; for regular tetrahedrons, these 

particles are arranged on a FCC lattice. The values of 
cN  for different building blocks are given 

in Table S1. 

    We use Molecular Dynamics to simulate the evolution of a NVT system in a 3(500 )σ  

periodic cubic box. The simulations are accomplished by performing Langevin dynamics with the 

open source software LAMMPS35 at a reduced temperature * 1.2T = . The friction coefficient 

01/γ τ=  and the time step 00.01t τ∆ =  ( 2
0 /mτ σ ε=  is the time unit in our simulation) 
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are used. In order to avoid the system from being locally trapped, after all building blocks have 

been adsorbed, a repeated slow reheat-annealing simulation process is employed until the targeted 

structures are sufficiently stable. 

   The polymer-mediated PMF can be calculated directly from simulations of two particles limit 

and is given by34 

0( ) ln ( )pp B ppV r k T p r= −                       (6) 

where 0 ( )ppp r  is the probability of finding particles separated by distance ppr  during 

simulations. To obtain ( )ppV r  for a sufficient wide range of particle-particle separations, the 

umbrella sampling technique36 is used, in which a series of biasing or window potentials 

* 21
2( ) ( )i pp pp iU r k r R= −  between the particles are used to force the particles to sample the full 

range of interparticle distances available in the simulation box. In our calculations, four umbrella 

sampling simulations are run at windows of 4.0iR σ= , 5.0σ , 6.0σ , and 7.0σ . The 

parameter k is chosen to be 24.0 /Bk k T σ= . This provides a set of interparticle distance 

histograms with sufficient overlap between the neighbor distributions. The weighted histogram 

analysis method37 (WHAM) is used to obtain the unbiased probability distribution 0 ( )ppp r  from 

the umbrella sampling histograms.  

 

3. Results and discussion 

 

3.1 Two spherical particles limit 

 

Here we only focus on the ability of the polymer stiffness in controlling the structures of 

small numbers of building blocks. To explore the effects of the polymer stiffness on controlling 

the local spatial organizations of building blocks and simultaneously to understand the physical 

picture of polymer-mediated inter-block interactions in the collection of small numbers of building 

blocks, the system of two spherical particles binding to semiflexible polymer chains is firstly 

considered. Here, “the local spatial organization” is employed to describe the spatial relative 
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positions of two neighboring particles. As shown in Fig. 1(a), the average particle-particle distance 

d< >  as a function of bending energies at binding interaction 0 10 BD k T=  directly indicates 

that there are three categories of polymer-particle organizations: monomer level tight particle 

bridging, direct contact aggregation and dispersion. For flexible chains (with bending energies 

100 Bb k T≤ ), the average particle-particle distance of 5d σ< >≈  means that the two particles 

are bridging by one layer of polymer monomers. For semiflexible chains with a moderate stiffness 

of polymer ( 140 Bb k T= ), the average particle-particle distance is very close to the size of 

particle ( 4d σ< >≈ ), which indicates that two particles in this case is direct contact aggregation. 

For rigid chains with bending energies 240 Bb k T≥ , a large value of d< >  means that two 

particles are dispersed along rigid chains. The polymer-mediated particle-particle potentials of 

mean force (PMF) (see Fig. 1(b)) prove the above descriptions. The fact that the ( )ppV r  reaches 

its minimum at min 5ppr σ≈  for the bending energies 100 Bb k T≤ and gets its minimum at 

min 4ppr σ≈  for the moderate stiffness 120 ~ 140 Bb k T=  means that the monomer level tight 

particle bridging and direct contact aggregation of particles are stable in their corresponding 

situations, while the PMF ( ) 0ppV r ≈  at ppr >4σ  for rigid chain with 300 Bb k T=  means 

that the two particles are almost unrelated to each other and this is the dispersion of particles. In a 

weaker ( 0 5 BD k T= ) or a stronger ( 0 15 BD k T= ) binding interaction, similar local spatial 

organizations of particles are also found. Some previous works about a pair of spherical particles 

dissolved in a completely flexible homopolymer melt (with bending energy 0b = ) declare that 

there are three main categories of polymer-mediated organizations for particles: contact 

aggregation due to the depletion attraction for the athermal case, bridging at strong 

polymer-particle binding and steric stabilization for weak strength but long range attraction 

between particles and polymer.38 Obviously, the organizations of two particles binding to 

semiflexible chains are different from those in flexible chains cases. 

To get the physical details of polymer-mediated inter-block interactions in the collection of 

particles in a particle bridging or direct contact manner, the corresponding dynamic processes 

have been performed and one possible physical mechanism is illustrated in Fig. 2. For a sufficient 
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binding interaction between particles and polymers, the adsorption of particles can lead to a large 

local deformation of polymer chains, and semiflexible chains can wrap the binding particles by 

several turns (Fig. 2(a)). A tight particle bridging can overlap the chain deformations and release 

some free polymer monomers, then drop the entropic losses (Fig. 2(b)). Kinetic effects may also 

contribute to this organization. For instance, wrapping of polymer chain around one binding 

particle for some turns will enhance the local polymer monomers density and then this local 

structure possesses some more odds to stabilize the another sliding particle39 than other free 

polymer parts. Therefore, the combination of minimization of entropic losses with the kinetic 

effects leads to the formation of tight particle bridging for the flexible chain. In this case, the 

polymer-particle organization is dominated by the binding energy between particles and polymer 

chains. When the polymer stiffness increases, the bending energy of semiflexible polymer chains 

can affect the polymer-particle aggregations gradually. For the moderate chain stiffness, the 

contact aggregation of two particles can further decrease the chain deformations caused by the 

binding particles and simultaneously reduce the total polymer bending energy cost (Fig. 2(c)). 

Measurements of the related parameters, for example, the number of binding polymer monomers, 

the binding energy and the bending energy, at different simulation time for 140 Bb k T=  are 

given in Fig. S1. The comparisons of the bending and binding energies between the bridging and 

the aggregating phases for the two-particle case are also made in Fig. S1. Therefore, we can 

conclude that the formation of the direct aggregation is driven by a decrease in both binding and 

bending energies. For the rigid chains, the binding particles can move freely along the completely 

stretched chains and the dispersion of particles is formed.  

 

3.2  Small numbers of spherical particles and self-woven cage of chains.  

 

Expectedly, the spatial arrangements of small numbers of spherical particles are affected by 

the polymer stiffness. Here, “the spatial arrangement” means mainly the spatial relative 

distribution of particles, which includes spherical or linear aggregation and dispersion. For flexible 

chains with bending energy 0b = , the structure of small numbers of particles is spherical 

packing in a dense manner to share the maximum of bridging monomers between neighboring 
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particles and to minimize the binding energy in minimum entropy cost. Previous works26 have 

indicated that the structures of microspheres in dense packing will mainly follow the minimal 

second moment of the mass distribution principle40. As shown in Fig. 3(a), when the number of 

particles ranges from 4pN =  to 13pN = , the one-to-one correspondence between our 

simulation results and the theoretical predictions shows that the structures of small numbers of 

particles for the complete flexible chains completely follow the minimal second moment of mass 

distribution principle. For a moderate polymer bending energy 140 Bb k T= , the structures of 

small numbers of particles for different numbers of particles are arranged in a similar manner, the 

so-called linear contact aggregation, and a typical simulation result ( 8pN = ) is given in Fig. 3(b). 

Considering the fact that the particle arrangement is controlled by the combination of 

particle-polymer binding energy and chain bending energy, the presence of this linear contact 

aggregation manner is easily comprehensible. On one hand, a semiflexible chain with a moderate 

bending energy can stretch into a linear structure, and then the particles binding to this polymer 

will also arrange in a linear manner. On the other hand, the semiflexible polymer-mediated 

inter-particle attraction caused by the deformation overlap mechanism will collect these binding 

particles in a direct contact manner to decrease the particle-polymer binding energy and the 

polymer bending energy simultaneously. Those two mentioned points will make the binding 

particles be aggregated in a linear contact manner for the moderate polymer bending energy. For a 

rigid chain with 300 Bb k T= , the arrangements of small numbers of particles are dispersed 

along the stretched polymer chain (see Fig. 3(c)), which is consistent with the structure of two 

particles.  

The spatial probability density distribution of pairs of particles is shown in Fig. 3(d). Here 

( )ppP r  means the probability density to find a pair of particles located in the distance interval 

[ / 2, / 2]pp pp pp ppr r r r− ∆ + ∆ . For the flexible chain with 0b = , the first peak of ( )ppP r  

located at 1, 5peak

ppr σ≈  means the neighboring pairs of particles are tightly bridging each other 

and ( ) 0ppP r =  for 9.5ppr σ≥  indicates the particles are in spherical dense packing. For a 

moderate polymer stiffness 140 Bb k T= , the first peak of ( )ppP r  located at 1, 4peak

ppr σ=  
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means that the neighboring particles contact directly with each other and seven local sharp peaks 

on the profile of ( )ppP r  in a distance interval 4ppr σ∆ ≈  clearly declares the arrangement of 

particles is in a linear contact manner. For the rigid chain, the particles are dispered along the 

ploymer chain and the value of ( )ppP r is relatvely small ( ( ) 0.01ppP r ≈ ) for 4ppr σ> .  

As shown in Fig. 4, the structures of small numbers of particles can also be described by 

shape factor δ< >  and mean-square radius of gyration 2
GR< >  of particles. For the relatively 

flexible chains ( 80 Bb k T< ), the particles are in spherical dense packing to minimize the second 

moment, and the shape factor is close to 0 ( 0.06δ< >≈ ) and the mean-square radius of gyration 

reaches its minimum 2 217GR σ< >= . When the polymer stiffness is increased, chain bending 

energy gradually affects the aggregation structures of particles. If the bending energies are 

increased further, the particles will be gradually dispersed and the shape factor will be slightly 

decreased, while 2
GR< >  is still rapidly increased. In conclusion, if the polymer bending 

energies are increased, the structures of small numbers of spherical particles experience a phase 

transition from spherical aggregation to linear contact aggregation until dispersion. 

Generally speaking, our model can be regarded as a simple model of chromatin, in which a 

long semiflexible polymer chain represents a single duplex DNA chain and the particles represent 

nucleosomes, and the results presented here can help us well understand the gene activity in an 

eukaryotic cell. As we know, genes are silent in high-ordered structures such as the 30-nm 

chromatin fibers, and this is similar to the flexible polymer chain given here in which the particles 

are in dense packing. When genes are active in the open form of chromatin41-42, nucleosomes will 

distribute along a single duplex DNA chain by being separated from each other by up to 80 bases 

pairs of linker DNA and it is usually referred to as a “beads-on-a-string” structure43-46. If the 

electrostatic interactions are taken into account in our model, the linear contact structure displayed 

for the moderate bending energy will present similarity with this beads-on-a-string structure. That 

is to say, the polymer-mediated PMF with moderate polymer stiffness will collect the particles in a 

linear contact manner, while the electrostatic repulsions between particles will prevent this 

collection, and the balance between the polymer-mediated PMF and the electrostatic repulsions 

will lead to the formation of this beads-on-a-string structure. Therefore, our results suggest the 
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transition of genes from silent to active may be closely related to the effective bending energy of 

DNA, which is easy controlled by varying the salt concentration. Additionally, our results 

presented here are also consistent with a recent work about proteins binding by DNA, in which 

Brackley et al.47 declared that, in the absence of any explicit interactions between proteins, or 

between templates, binding can induce spontaneously the local DNA compactions and protein 

aggregations. 

The dynamic process of the formation of linear contact aggregation of particles with a 

moderate polymer stiffness (see Fig. S2) pronounces that semiflexible polymer chains can serve as 

a self-woven helical cage to collect particles in a linear contact manner. To discuss this self-woven 

helical cage in more detail, we slightly modify our model, in which a long polymer chain is 

replaced with a star semiflexible chain (Fig. S3). To form the concerned self-woven helical cage 

structure through using a linear polymer, a very long polymer is needed and this long polymer has 

to fold itself many times. However, if a star-polymer is used, the folding times of the polymers 

will be greatly reduced and it is of more energetically advantageous than using a linear polymer. 

The self-woven helical cage structure through using a star-polymer is more stable than using a 

linear polymer. Additionally, compared to using a linear polymer, when some more particles are 

added, the spontaneous adjustment of the self-woven helical cage structure in the star-polymer 

case is more convenient. As shown in Fig. S4, for the star semiflexible chain with a moderate 

polymer stiffness, the binding particles are aggregated in a linear contact manner to form a 

rod-like structure and the star chains helically wrap around this rod-like structure, just like a cage 

collecting the binding particles together. Here, the “self-woven” means the star chain weaves into 

a helical cage spontaneously and the length of the helical cage can be spontaneously varied to 

match the number of binding particles. As shown in Fig. 5, a short helical cage is observed for 

15pN = . When another five particles are added, the structure of the star polymer chain will 

spontaneously adjust and a new long helical cage is formed, whose length just matches the total 

number of binding particles. And the repeated operations can lead to the formation of a longer 

helical cage. This self-woven helical cage may be of potential application, such as the 

manipulation of particles into rod-like structures. 
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3.3 Shapes of building blocks.  

 

Obviously, the effects of the polymer stiffness on the structures of small numbers of 

non-spherical building blocks are different from those of the spherical particles. Because of their 

anisotropic shapes, for non-spherical building blocks (such as rod, triangle, tetrahedron, etc.), 

apart from the local organizations (polymer bridging, direct contact and dispersion) and spatial 

arrangements (spherical and linear aggregation) mentioned above, the relative orientation of 

neighboring non-spherical building blocks will be also affected by the polymer bending energy. In 

general, this relative orientation of the neighbors can be analyzed using orientational correlation 

diagrams.16 Here, for simplicity, we summarize the main correlations of the relative orientation as 

follows: for rods, they refer to side-to-side and end-to-end correlations; for regular triangles and 

hexagons, they include face-to-face and edge-to-edge correlations. For small number of 

one-dimensional building blocks, such as rods (see Fig. 6(a) top row), to minimize the 

particle-polymer binding energy at the minimum entropy cost, the sharing of the maximum of 

bridge monomers between any two neighboring rods in flexible polymer binding will result in the 

side-to-side parallel correlation. For the polymer with the moderate stiffness, under the effects of 

particle-polymer binding energy combined with polymer bending energy, the relative orientation 

of neighboring rods turns to be the end-to-end parallel correlation. For small numbers of 

two-dimensional building blocks, such as regular triangles (see Fig. 6(a) middle row) and 

hexagons (see Fig. 6(a) bottom row), to share the maximum of bridge monomers between two 

neighboring building blocks and then to reduce the entropic losses, the face-to-face parallel 

correlation of neighbors is firstly obtained in flexible chain binding. Under the effect of 

particle-polymer binding energy combined with polymer bending energy, the relative orientation 

of neighbors will turn to be the part edge-to-edge correlation (because of the absence of constraint 

on the rotation of polymer chains, such as, if the chain is chiral, the structures of these building 

blocks are expected to be also chiral) for the moderate polymer stiffness. For three-dimensional 

building blocks, such as regular tetrahedrons, the face-to-face correlation dominates the relative 

orientation of neighbors and the entropic “bonds” in the direction of the face normal are 

important.16 For small numbers of regular tetrahedrons, the possible ordered networks of entropic 

“bonds” are diverse and their structure are more sensitive to polymer bending energy (see Fig. 
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S5).  

For these non-spherical building blocks, such as rods, regular triangles and hexagons, in order 

to discuss the effects of polymer stiffness on the relative orientation of neighboring building 

blocks, an order parameter is defined as 

2

1 1
1

3( ) 11

2

i
b nb

b

N N
i ij

N i
i jnbi

a e
S

N = =
=

• −
< >= ∑∑

∑

r r

                         (7) 

Where 
bN  is the number of building blocks, i

nbN  is the number of neighboring building blocks 

for the i-th building blocks, ije
r

 is a unit vector pointing from the centroid of the i-th building 

block to the centroid of the j-th one. For rod, 
ia
v

 is a unit vector parallel to the i-th rod; for 

regular triangles and hexagons, ia
v

 is a unit vector perpendicular to the i-th building block. As 

shown in Fig. 6(b), for rods, 0.5S< >≈ −  at 100 Bb k T≤  indicates the relative orientation of 

neighbor rods in the flexible polymer binding is side-to-side parallel correlation, while 

1.0S< >≈  at 160 ~ 180 Bb k T=  means the relative orientation of neighboring rods turns to 

be the end-to-end parallel correlation for the polymer with a moderate bending energy. The profile 

of the order parameter for rods experiencing an increase-to-decrease transition indicates that the 

relative orientation of neighboring rods is changed to be the end-to-end parallel correlation from 

the end-to-end parallel correlation and finally turns to be disordered when the polymer bending 

energies are increased. For regular triangles and hexagons, 0.6S< >≈  at 0b =  means that, to 

a large extent, the relative orientation of neighboring building blocks is the face-to-face correlation 

for flexible chains. And 0.5S< >≈ −  around 250 Bb k T=  means the relative orientation of 

neighbors are the edge-to-edge correlations for semiflexible chains with the moderate stiffness. 

The tendencies, firstly dropping and then rising, on the profiles of the order parameters for these 

two building blocks clearly denote the transition of the relative orientation of neighbors from the 

face-to-face correlation in the flexible polymer case to the edge-to-edge correlation for moderate 

polymer bending energy and finally to being disordered in the rigid polymer case. The local 

organizations and spatial arrangements as well as the relative orientation of non-spherical building 

blocks are affected by chain bending energies. 
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Conclusions 

 

In this paper, through molecular dynamics computer simulations, we find that long 

semiflexible polymer chains can serve as an effective soft elastic medium to manipulate the 

structures of small numbers of building blocks when a sufficient strong binding interaction 

between polymer chains and building blocks is in presence. The effects of the polymer stiffness, 

which characterize the elastic property of semiflexible polymers, on controlling the structures of 

small numbers of building blocks are discussed in details through three aspects: the local 

organization of two neighboring building blocks, the spatial arrangement of centroid of small 

numbers of building blocks and the relative orientation of neighboring non-spherical building 

blocks. And the deformation overlap physical mechanism is given to explain the semiflexible 

polymer-mediated inter-block interaction in the aggregation of small numbers of building blocks. 

For the case of two spherical particles, three local spatial organizations are identified: monomer 

level tight particle bridging for flexible chains, contact aggregation for semiflexible chains with a 

moderate stiffness and dispersion for rigid chains. For small numbers of spherical particles, both 

the local organization and the spatial arrangement depend on the polymer stiffness, including the 

spherical dense packing which minimizes the second moment of the mass distribution in flexible 

chains binding, the linear contact aggregation for polymer with moderate stiffness and complete 

dispersion in rigid chains binding. For non-spherical building blocks, the local organization and 

the spatial arrangement as well as the relative orientation rely on the chain bending energies. 

These results indicate that the utilization of semiflexible polymer chains in controlling the 

structures of small numbers of building blocks is feasible and hierarchical, and this investigation 

can help us understand the gene activity in eukaryotic cells and construct novel materials in the 

nanotechnology field. 
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Figure Captions 

 

 

Fig. 1. (a) Average particle-particle distance d< >  as a function of bending energy b  for 

various binding interactions 0D . Here the number of polymer monomers is N=500. (b) 

Polymer-mediated particle-particle potentials of mean forces (PMF) for various bending 

energies (b ) at the binding interaction 0 10 BD k T= . Here all the PMFs are shifted by 

( 7 ) 0ppV r σ= = . 

 

Fig. 2.  Schematic illustrations show a possible physical picture of the aggregation process for 

two particles controlled by long semiflexible chains. (a) Semiflexible chains wrap around 

the binding particles by some turns at a strong binding interaction. (b) A tight particle 

bridging structure can overlap the deformations of semiflexible chains caused by two 

distant particles (labeled by the red color) and release some free chain monomers to 

minimize the entropic losses. (c) The contact aggregation of two particles can reduce the 

chain bending energy cost. 

 

Fig. 3.  Spatial arrangements of small numbers of spherical particles for various chain bending 

energies. (a) Spherical dense packing of bridging particles to minimize the second 

moment of the mass distribution at 0b = . Left and middle columns show the simulation 

snapshots for various particle numbers, and right column illustrates the corresponding 

theoretical results for a given number of particles ( pN ). (b) Linear contact aggregation of 

particles at 140 Bb k T=  and 8pN = . (c) A dispersion distribution of particles along 

the stretched chains at 300 Bb k T=  and 8pN = . (d) Probability density distribution 

of pairs of particles with various chain bending energies and 8pN = . Here 1200N =  

and 0 10 BD k T= . 
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Fig. 4.  The shape factor δ< >  (black square, left scale) and the mean-square radius of 

gyration 2
GR< >  (red circle, right scale) of particles as a function of chain bending 

energies at 8pN = . 

 

Fig. 5.  A star semiflexible chain serves as a self-woven helical cage to collect particles in a 

linear contact manner, and inset figures show the rod-like structures with various numbers 

of particles. Here 170 Bb k T=  

 

Fig. 6 (a) Ordered aggregation structures of non-spherical building blocks with different chain 

bending energies. (b) Order parameters S< >  as a function of chain bending energies 

for various building blocks. 
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Fig. 1(a) 
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Fig. 1(b) 
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Fig. 2 
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Fig. 3 
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Fig. 4 
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Fig. 5  
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Fig. 6(a) 
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Fig. 6(b) 
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Binding to semiflexible polymers: a novel method to control the structures of 

small numbers of building blocks  

 

Dong Zhang, Linxi Zhang 

 

 

 Semiflexible polymer chains can serve as an effective soft elastic medium to control the 

structures of small numbers of building blocks through three different aspects: the local 

organization of two neighbor particles, the spatial arrangement of small numbers of building 

blocks and the relative orientation of neighbor non-spherical building blocks. 
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