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Discussion of the achieved results 

1. Study of the relaxation dynamics of the Husimi cacti multilayer structure 

Monodendrons and dendrimers have been shown to represent some of the most 

powerful synthetic building blocks that can be employed in the construction of 

supramolecular and macromolecular systems with well-defined shapes and sizes. 

Among these systems, the cylindrical supramolecular dendrimers have well 

defined multilayer structure. Recently, multilayered assemblies that are 

constructed through the layer-by-layer (LbL) deposition of dendrimers have 

attracted much attention because of their facile preparation and versatility in terms 

of structure and functionality. 

The Multilayer Triangular Husimi Cactus network was built by stocking layers 

on top of each other and connecting them with their nearest neighbors. Each 

monomer of the layer is connected with its correspondents from the nearest 

neighbors layers. Our goal was to monitor the influence of adding more and more 

identical layers on the mechanical relaxation dynamics of the networks. The work 

provides theoretical support to the newly synthesized multilayer polymers. We 

studied the relaxation dynamics of the multilayer network in the framework of 

Generalized Gaussian Structures model, using both Rouse and Zimm approaches. 

The relaxation was analyzed through the investigation of the behaviors of the 

averaged monomer displacement and of the storage and loss moduli. In the Rouse 

model these dynamical quantities depend only on the eigenvalues of the 

connectivity matrix. Remarkably, for the multilayer structure we have developed 

an analytical method for the determining of the whole eigenvalues spectrum of its 

connectivity matrix. This fact allowed us to study in detail the crossover from a 

pure Husimi cactus behavior to a predominantly linear chain behavior. 

For networks with small number of layers the intermediate times/frequencies 

domain of the dynamical quantities shows a bulk-like behavior, a mixture between 

the Husimi cactus behavior and linear chain behavior. For the networks with large 

number of layers the intermediate times/frequencies domain decomposes into two 

regions. The first, located at middle to lower times/frequencies shows a bulk-like 

behavior and the second, situated at lower times/frequencies, displays a linear 



chain behavior. We, also, have shown that for every generation of the Husimi 

cactus and for a properly chosen number of layers one encounters multilayer 

networks with a region of constant slope on the dynamical quantities. We have 

found that the value of the slope and the number of layers show exponential-

dependences with the generation of the Husimi cactus. 

We have studied the polymer dynamics of these multilayer networks also in the 

Zimm model, which considers the hydrodynamic interactions. The chosen 

dynamical quantities depend on the eigenvalues of the product between the 

connectivity matrix and the hydrodynamic interaction matrix and also on their 

eigenvectors. Thus, an analytical solution to the eigenvalue problem is out of 

reach, forcing us to use numerical diagonalization methods, reducing the size of 

the available networks. We have noticed that the inclusion of the hydrodynamic 

interactions leads to the loss of scaling behavior observed in the Rouse model, 

except for the limiting case, when we have very long networks, i.e. networks with 

a very high number of layers. Here, the linear segments of the structures are 

predominant. 

Our theoretical findings are well supported by mechanical relaxation experiments, 

both with respect to scaling and to the splitting of the intermediate domain. The 

mechanical experiments were performed on pillared-layered polymers, LbL 

assembly of dendrimers, supramolecular cylindrical dendrimers, and 

supramolecular cylindrical micelles. 

This study was published on The Journal of Chemical Physics (Impact factor 

2.965) and also presented (poster) at Applied Nanotechnology and Nanoscience 

International Conference (ANNIC 2016), Nov. 9-11, 2016, Barcelona, Spain. 

2. Study of the relaxation dynamics of the Sierpinski hexagon fractal 

3. Study of the structural properties of the Sierpinski hexagon fractal and of 

the multihierarchical structure VFRSD using BFM 

Fractals are of particular relevance in many fields of science. In physics and 

chemistry the concept of fractals is widely used for describing the disordered 

systems, growth phenomena, chemical reactions controlled by diffusion, 

relaxation dynamics of polymer networks, and energy transfer. We extend the 

theoretical works on relaxation dynamics of polymers with complex architectures 

by considering a new class of fractal structures, namely, the Sierpinski hexagon 

gaskets. Our work is motivated both by the outstanding results of G.R. Newkome 

et al. who succeeded to synthesize the first nondendritic fractal polymer based on 

Sierpinski hexagonal gaskets and by the search of scaling in the intermediate 

time/frequency region of the quantities which describe the relaxation dynamics. 



We perform our calculations in the framework of the generalized Gaussian 

structures (GGS) model which represents the extensions of the Rouse and Zimm 

models, developed for linear polymer chains, to polymer systems with arbitrary 

topologies and which highlight both the connectivity of the molecules under 

investigation, as well as the influence of hydrodynamic interactions. The main 

advantage of GGS model is that in the Rouse-type approach the quantities which 

describe the relaxation dynamics can be calculated by making use only of the 

eigenvalues of the connectivity matrix of the structure. The relaxation dynamics 

is studied by investigating the behaviors of the mechanical moduli as well as the 

stretching of the fractal objects under local external fields. 

In the Rouse-type approach, based on real-space renormalization transformations, 

we have developed an analytical method for determining the complete eigenvalue 

spectrum of the connectivity matrix. Thus, the investigation of the relaxation 

dynamics of huge fractal structures (N=610 monomers) can be easily performed. 

The general picture that emerges in the Rouse type-approach is that Sierpinski 

hexagon fractal polymers do obey scaling and the sole fractal parameter of 

importance for their relaxation dynamics is the spectral dimension. 

We have noticed that the obtained spectral dimension of the Sierpinski hexagon 

is quite close to 4/3, the spectral dimension of the percolation clusters. Also, other 

studies based on mean-field models, indicated that random hyperbranched 

polymers have a self-similar (fractal) architecture and their spectral dimension has 

been calculated to be 4/3. Theoretically speaking, based on the scaling relations 

which have power law exponents depending solely on spectral dimension, the 

Sierpiski hexagon fractal may be viewed as possible model structure for the 

dynamics of the random fractals polymers. 

The introduction of hydrodynamic interactions, on the other hand, completely 

changes the picture. Our use of the Zimm formalism, based on the preaveraged 

Oseen tensor, does not lead to scaling forms in the intermediate domain of the 

relaxation quantities anymore. The loss of scaling for this type of fractal polymer, 

analyzed in the Zimm model, is due to the presence of loops which change the 

distances between pairs of nearest neighbors. 

Beside the dynamical quantities we have investigated, many other dynamical 

quantities can be calculated based on eigenvalue spectrum of the connectivity 

matrix: mean first passage time of a random walk, the returning probability of a 

random walker to the starting point used then in the study of fluorescence 

depolarization under dipolar quasi-resonant energy transfer, the dielectric 

relaxation functions, the NMR relaxation functions, to enumerate only a few. 

Therefore, the knowledge of the eigenvalue spectrum is of great importance 

leading to further interdisciplinary scientific advances. 



Our theoretical findings with respect to scaling in the Rouse model are well 

supported by experimental results obtained for physical polymer gels, honeycomb 

polymer networks, hexagonal liquid crystals, and hexagonal micelles. 

A part of this study was published on The Journal of Chemical Physics (Impact 

factor 2.965) and also presented (poster) at Applied Nanotechnology and 

Nanoscience International Conference (ANNIC 2016), Nov. 9-11, 2016, 

Barcelona, Spain. 

4. Study of the relaxation dynamics of the multihierarchical structure 

VFRSD 

This study enhances the scientific understanding of the relaxation dynamics of 

polymer networks by considering a new multihierarchical network which links in 

a regular way the Vicsek fractal with the dendrimer. The multihierarchical 

structure was built by replicating the Vicsek fractal in shape of a dendrimer. We 

call it VFRSD (Vicsek fractal replicated in shape of regular dendrimer). Due to 

geometrical restrictions, we strictly used for the construction of the 

multihierarchical structure dendrimers and Vicsek fractals with f = 3, f being the 

functionality or the maximum number of nearest neighbors of a monomer. We are 

interested to understand how the geometry of the multihierarchical structure will 

be reflected in its dynamical behavior. Specifically, if the scaling behavior of the 

Vicsek fractal and the non-scaling behavior of the dendrimer will still hold when 

the two structures are linked to form the multihierarchical structure.  

The relaxation dynamics of the VFRSD structure is studied in the framework of 

the generalized Gaussian structures model, employing the Rouse and Zimm 

approaches. A GGS, being a generalization of the Rouse and Zimm models, has 

all limitations of its predecessors: it does not account for excluded volume 

interactions and for entanglement effects. We note that in rather dense media, such 

as dry polymer networks and polymer melts the excluded volume effects are often 

screened. In turn, the entanglement effects are not significant in the case of 

polymer networks with high densities of cross-links, meaning that the network 

strands between the cross-link points are rather short. The dynamical quantities 

on which we have focused are the averaged monomer displacement (stretching of 

the macromolecule under local external forces) and the mechanical relaxation 

moduli (storage and loss modulus). 

In the Rouse model we have develop an analytical method for the determining of 

the complete eigenvalue spectrum of the connectivity matrix, thereby rendering 

possible the analysis of the Rouse-dynamics at very large generations of the 

structure. Interestingly, the iterative method follows closely the building 

procedure of the structure. The determination of the eigenvalues is achieved in 

two distinct stages. The first stage consists in the determination of the whole 

eigenvalue spectrum of the dendrimer component. The basic idea is that one can 



divide all eigenvectors into two classes. In the first class, the eigenvector 

component corresponding to the central bead of the dendrimer is non-vanishing, 

meaning that the central bead can move. In the second class, the eigenvector 

component corresponding to the central bead is vanishing, which means that the 

central bead is immobile. In the first class of eigenvectors, the eigenvalues are 

nondegenerate and in the second class they are degenerate. In the second stage we 

determine the eigenvalue spectrum of the VFRSD structure using a method based 

on real space decimation. The decimation method is based on the realization that 

the Vicsek fractals rescale under real-space renormalization transformations. 

In the Rouse type-approach, where the interactions are considered only between 

nearest neighbor monomers, the general picture that emerges is that the 

intermediate domain of the dynamical quantities splits into two regions, each 

region displaying the typical behavior of a component of the multihierarchical 

structure. In this way one can see clearly that the multihierarchical structure 

preserves the individual behaviors of its components. Very interesting, the 

splitting of the intermediate domain of the relaxation quantities has been obtained 

even with the hydrodynamic interactions taken into account. Although the Vicsek 

fractal was replicated in shape of the dendrimer and having in mind that in the 

Zimm model each monomer may interact with any other via the solvent, the 

multihierarchical structure still holds the individual behaviors of its components, 

the scaling behavior of Vicsek fractal, and the nonscaling behavior of the 

dendrimer. 

The exhibited dynamical behavior of the multihierarchical structure encompasses 

aspects of both dendrimer and Vicsek fractal. Each component relaxes on its time 

scale, independent of the other. Our theoretical findings are well supported by 

mechanical relaxation experiments performed on associative polymer networks, 

supramolecular dendritic polymer networks, micelle networks, polymer gels, and 

dendronized polymers. 

This study was published on The Journal of Chemical Physics (Impact factor 

2.965) and also presented (poster) at Applied Nanotechnology and Nanoscience 

International Conference (ANNIC 2017). October 18-20 2017, Rome, Italy. 

5. Study of the relaxation dynamics of multilayer structure VFRSD 

3. Study of the structural properties of the Sierpinski hexagon fractal and of 

the multihierarchical structure VFRSD using BFM 

A basic challenge in polymer physics is to understand how the underlying 

geometries of polymeric materials affect their dynamic behavior. Polymers, being 

intricate systems, demonstrate a wide range of dynamic features that cannot be 

fully understood without elucidating the connections between the topology of the 

structure and its reflection in the dynamics. In this work we extend the studies on 



polymer systems with complex geometries with another type of complex polymer 

network, the multilayer network or network of networks or interdependent 

network, which in the last years attracted great interest in the literature. The 

multilayer structure, on which we focus, is built by connecting to each other 

identical copies of VFRSD multihierarchical structure. Each layer is a 

multihierarchical structure built by replicating the Vicsek fractal in shape of a 

perfect dendrimer. The multilayer network is described by the parameter set (gd, 

gv, nl), where gd is the generation of the dendrimer, gv is the generation of the 

Vicsek fractal, and nl is the total number of layers. 

The relaxation dynamics of the multilayer network (based on VFRSD structure) 

is studied in the framework of the Generalized Gaussian Structures model, using 

the Rouse type approach, which takes into account the interactions only between 

nearest neighbors monomers. The dynamical quantities on which we focus are the 

averaged monomer displacement (stretching of the macromolecule under local 

external forces) and the mechanical relaxation moduli (storage and loss modulus). 

In the Generalized Gaussian Structures model (Rouse-type approach) the average 

monomer displacement is given by: 
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 where, F represents the external forces, 𝜉 is the friction coefficient, 𝜎 =
𝑘

𝜉
 with k 

being the spring constant and Λ𝑖  are the eigenvalues of the connectivity matrix. 

For very dilute solutions and for 𝜔 > 0 the storage and the loss modulus are given 

by: 
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where, 𝜔 is the frequency and 𝐶 = 𝜈𝐾𝐵𝑇, with 𝜈 being the number of monomers 

per unit volume. 

Due to the fact that the topological details of the investigated structure are 

revealed only in the intermediate regions, which are bounded by large crossover 

domains, very large sizes of the structure have to be considered in order to extract 

exact information. Evidently, this leads to a very large connectivity matrix whose 



exact numerical diagonalization is practically impossible to perform. Remarkably, 

for this multilayer network we have developed an analytical method for the 

determining of the whole eigenvalue spectrum of its connectivity matrix. The 

analytical procedure consists of three stages which are presented below.  

The first stage consists of the determination of the eigenvalues of the dendrimer 

at generation gd. First class of eigenvectors (involves mobile core), all 

eigenvalues are nondegenerate and are obtained from the roots of the 

transcendental equation 

−√2 sin(𝑔𝑑 + 1) 𝜓𝑘 = sin 𝑔𝑑 𝜓𝑘                                                                            (4) 

so that 𝜆𝑘is given by 

𝜆𝑘 = 3 − 2√2 cos 𝜓𝑘                                                                                                     (5) 

The second class (immobile core), the eigenvalues are degenerate and are 

obtained from the roots of equation 

sin(𝑔𝑑 + 1 − 𝑛) 𝜓𝑘 = √2 sin(𝑔𝑑 − 𝑛) 𝜓𝑘                                                             (6) 

with 𝜆𝑘 given by Eq. (5). 

For the case of immobile core (0 ≤ 𝑛 ≤ 𝑔𝑑 − 2), each of these eigenvalues is 

two-fold degenerate for 𝑛 = 0 and 3 ∙ 2𝑛−1-fold degenerate otherwise. For 𝑛 =
𝑔𝑑 − 1 one obtains the eigenvalue 𝜆𝑘 = 1 which is 3 ∙ 2𝑔𝑑−2-fold degenerate. 

The second stage consists of the determination of the eigenvalues of a single layer 

(VFRSD multihierarchical structure). For finite Vicsek fractals the eigenvalues at 

generation gv+1 are obtained from those at generation gv through the equation: 

𝜆𝑔𝑣
3 − 7𝜆𝑔𝑣

2 + 12𝜆𝑔𝑣 − 𝜆𝑔𝑣−1 = 0                                                                              (7) 

which can be easily solve by using the Cardano method. The obtained eigenvalue 

spectrum is then complemented by the nondegenerate vanishing eigenvalue 𝜆 =
0, the nondegenerate eigenvalue 4, and by Δ𝑔𝑣,𝑔𝑑 = 4𝑔𝑣−1(3 ∙ 2𝑔𝑑 − 2) + 1 

degenerate modes corresponding to the eigenvalue 1.  Note that, the eigenvalues 

of the multihierarchical layer at generation (gd, gv=1) are determined through 

equation (5.7), where 𝜆𝑔𝑣−1is replaced with each eigenvalue of the dendrimer 

(except 𝜆 = 0) at generation gd. 

The third stage consists of the determining of the eigenvalue spectrum of the 

whole structure. This is achieved through the relation 



Λ𝑗 = 2 − 2 ∙ cos (
𝑗𝜋

𝑛𝑙
) + 𝜆𝑖                                                                                            (8) 

where, 𝑗 = 0,1,2, … , 𝑛𝑙 − 1 and 𝜆𝑖  denotes the whole eigenvalue spectrum of a 

single VFRSD layer. 

In Fig. 1 we plot the averaged monomer displacement, given by Eq. (1) in which 

we have set 𝜎 = 1 and 
 𝐹

𝜉
= 1. Figure 1 displays the results obtained for the 

multilayer network with fixed gd=4, gv=3 and nl varies from 100 to 700000; 

consequently, the total number of beads in the structure varies from N = 294 400 

to N = 2 060 800 000. Given that the scales are doubly-logarithmic, one sees that 

in the very short times domain one has << 𝑌(𝑡) ≫ ~ 𝑡 which is due to the 

diffusive motion of single beads. On the other hand, at long times one reaches the 

domain ≪ 𝑌(𝑡) ≫ ~
𝑡

𝑁
 which indicates that the structure moves as a whole and in 

the absence of an external field, based on the Einstein relation for GGS is the 

hallmark of simple diffusion. Due to the N-dependence of the averaged monomer 

displacement in Eq. (1) at longer times the curves belonging to structures of 

different sizes are shifted with respect to each other. These two domains appear 

as straight lines with slope 1. However, neither the very short nor the very long 

time domains are typical for the GGS under investigation; typical is the 

intermediate time domain. Surprisingly, for very large number of layers, we have 

found that the intermediate time domain of ≪ 𝑌(𝑡) ≫ splits into three regions. 

The region located at smaller intermediate times appears as a straight line and it 

corresponds to the first bulk-like behavior. This bulk is a mixture between the 

Vicsek fractal and linear chain. The region located at middle intermediate times 

corresponds to the second bulk-like behavior. This bulk is the mixture between 

dendrimer and linear chain. The region located at larger intermediate times 

appears as straight line with slope value tending to 0.5 which indicates a purely 

linear chain behavior. When the number of layers is small, the third region does 

not appear. For medium number of layers one observes a tendency to form the 

third region. 

In order to render this analysis more quantitative we plot in Fig. 2 the derivative 

of the curves of Fig. 1. Displayed are the local slopes. The limiting cases with 

slope 1 are evident. For very large number of layers (nl=700000), one can clearly 

see in the intermediate time domain the appearance of three regions, a plateau 

region corresponding to the first bulk (Vicsek fractal + chain), followed by a 

region with continuously decreasing the slope as the time increases which 

corresponds to the second bulk (dendrimer + chain) and ending with a region 

where the slope tends to value 0.5 which corresponds to the linear chain. The 

mixtures of the three components of the multilayer structure are well highlighted 

by the relaxation dynamics. 



 

 

 

                          Fig. 1                                                           Fig. 2 

Having seen the decomposition behavior of ≪ 𝑌(𝑡) ≫  we continue our analysis 

with the relaxation moduli, 𝐺′(𝜔) (black line) and 𝐺′′(𝜔) (red line), which are 

shown in Fig. 3. The results have been obtained for the multilayer network with 

gd=4, gv=3 (fixed) and nl extending from 100 to 700000. Note that the scales in 

the figure are double logarithmic. In Fig. 3, it is straightforward to identify those 

regimes that are not associated with the microscopic structure of the system, 

which can be observed in the very high- and the very low-frequency parts of the 

spectrum. For very high 𝜔 we find 𝐺′(𝜔)~𝜔0 and 𝐺′′(𝜔)~𝜔−1 which signifies 

single-bead mechanical response, whereas for low frequencies 𝐺′(𝜔)~𝜔2 and 

𝐺′′(𝜔)~ 𝜔 which represents the mechanical response of the entire polymer 

network. Microscopic characteristics of the system play a role in the intermediate 

regime. For very large number of layers, similarly to the case of the average 

monomer displacement discussed above, we found, for both relaxation moduli, 

that the in-between frequency regime decomposes into three regions. The region 

situated at larger intermediate frequencies appears as a straight line with slope 

value around 1.12 which suggest a mixture behavior, a bulk formed from Vicsek 

fractals and linear chains. After the relaxation of the mixture Vicsek fractals and 

short linear chains, one starts the relaxation of the mixture of dendrimers with 

larger linear chains. This is rendered by the region situated at middle intermediate 

frequencies domain. The region situated at smaller intermediate frequencies 

appears as a straight line with slope value 0.5 which indicates clearly a chain-like 

behavior. Again, for a better visualization of the decomposition behavior we plot 

in Fig. 4 the local slopes of the curves from Figs. 3. 

The general picture that emerges from the Rouse dynamics of the multilayer 

structure is the existence of three independent relaxation regions: the coexistence 

of Vicsek fractal and chain, the coexistence of dendrimer and chain, and the 

relaxation of a linear chain formed from macromonomers. For the last region, 



practically each layer reduces to a macromonomer of a linear chain, a 

macromonomer which mirrors the total friction coefficient of the all monomers in 

the layer. 

 

 

                                 Fig. 3                                                              Fig. 4 

For this objective we have a manuscript in progress. 

6. Study of the structural properties of random hyperbranched structures 

created based on random walks 

Recent years have seen a growing interest in hyperbranched molecules, polymer 

structures without loops and hence, topologically speaking, tree-like structures. It 

is well known the fact that the insertion of branch points into a polymer chain 

alters drastically its physical properties. The control of branching is an important 

issue in polymer synthesis and it has led to the development of new molecules 

with complex architectures. Hyperbranched polymers can be obtained from 

different reaction pathways, therefore their architecture varies from completely 

ordered structures such as dendrimers, star polymers or regular fractals to 

disordered structures, such as irregular Cayley-trees or random hyperbranched 

fractals. Evidently, the synthesis of perfectly regular dendrimers is by far more 

demanding than that of usual hyperbranched macromolecules, for which in batch 

reactions one accepts a certain polydispersity and also a high pattern diversity. In 

this work, we introduce a new treelike structure that is able to map the transition 

from a predominant star-like architecture to a linear or dendritic-like topology. 

This transition is realized for a treelike scale-free polymer network by alternating 

two modularity parameters, namely the minimum (KC) and the maximum allowed 

degree (NC). We have generalized the known models of scale-free networks by 

considering the range of allowed degrees as flexible. Thus, the scale-free polymer 

networks previously studied becomes only a particular case of our construction 

procedure: it corresponds to KC = 2 and NC = N. With N is denoted the total 

number of monomers (the size of the structure). For the so created structures we 



have focused on a basic problem, namely how the static and dynamic features of 

a polymeric material are related to its geometry. Our goal was to show how the 

fundamental feature of polymers, the connectivity, affects their static and dynamic 

properties. If the minimum and maximum allowed degrees are varied, a large 

amount of possible architectures are encountered, ranging from star-like to 

dendrimer-like or linear topology. In this way, the control of the parameters, 

which is nothing more than the control of branch points and of the maximum 

allowed connections of a monomer, allows us to predict the type of the obtained 

structure; it is a long linear chain with small side chains attached or it is an 

irregular (modified) dendrimer. To a great extent, the latter may be viewed as 

possible cheaper alternatives to the more accurate dendrimers. 

We have performed our calculations in the framework of the generalized Gaussian 

structures model which represents the extension of the Rouse model, developed 

for linear polymer chains, to polymer systems of arbitrary topologies and which 

highlights the most fundamental feature that distinguishes macromolecules from 

simple liquids, namely the polymer’s connectivity. 

In the first part of the work, we have analyzed the structural properties of the 

networks, by computing relevant quantities, such as the degree distribution and 

the diameter. These quantities are directly connected with the average shortest 

path and the degree correlations. When KC is increased we have noticed a decrease 

in the diameter and for γ = 2.0 the diameter shows a logarithmical dependence on 

N, similar as the dendrimers. Here, γ measures the density of network’s 

connections. For larger values of γ the diameter shows a linear dependence with 

the size, N. We have shown that for all choices of the parameter set (γ,KC,NC) the 

networks are disassortatives, namely the nodes with high degree tend to connect 

to nodes with low degree. 

The influence of the modularity parameters on the eigenvalue spectrum of the 

connectivity matrix has been also investigated. The eigenvalue spectrum has 

shown a strong dependence on KC for any value of γ. Increasing the value of Kc 

we have observed the appearance of a gap in the spectrum, located between the 

eigenvalue λ = 1 and the next higher eigenvalue. This gap was encountered for all 

values of γ and it gets broader as long as KC increases. The influence of NC on the 

eigenvalue spectrum is less pronounced. The most important feature, which is 

more evident for lower γs, is a decrease in the degeneracy of the eigenvalue λ = 1 

when NC gets lower. 

The dynamics of the structures has been studied through the investigation of the 

dynamical behaviors of the average monomer displacement and of the mechanical 

moduli. As observed for the static properties, the parameter KC has also a stronger 

influence on the dynamical properties of the networks than the parameter NC. We 

have shown that if only the parameter NC is decreased the moduli for all values of 



γ tend to the same curve and usually the value of the slope is maintained. When 

the parameter KC is varied one observes in the intermediate frequencies domain 

of the dynamical quantities regions of constant slopes for different values of the 

parameters set (γ, KC). For the networks containing N = 4000 monomers we have 

obtained a constant slope for a region extending of almost two orders of 

magnitude. These strengthen the fact that for certain values of the parameter set 

one obtains self-similar networks (fractals), their spectral dimension laying in the 

interval (1.54, 1.62). 

In the analysis of the dynamical behavior of the average monomer displacement 

we have mainly concentrated on the influence of KC for a particular choice of γ, 

specifically γ= 2.5. Varying the parameter KC, while NC is fixed we have been 

able to increase the width of the scaling region by one order of magnitude, and to 

obtain a larger power-law behavior for KC = 4. This remarkable finding was 

extended to networks with higher values of γ that do not show scaling for KC =2, 

but will scale when KC is increased to a certain value. Exemplary is the behavior 

obtained for γ= 4.0, which follows a power law if KC = 6. 

Remarkably, our theoretical findings are well supported by mechanical 

experiments performed on different types of polymers. We expect our findings to 

be important not only to polymer physics or related areas of research, but also to 

the research of complex real networks, of classical and quantum transport on 

complex networks, of the coherent transfer of excitons or of the fluorescence 

depolarization under quasi-resonant Förster energy transfer. Therefore, the study 

of a generalized scale-free network model is of great importance and leads to 

interdisciplinary scientific advances that generate new avenues of research 

related, in particular, to chemical physics but, also, to different areas of science. 

This study has been synthesized in the following article:  

A. Jurjiu, D. Gomes Maia Junior, and M. Galiceanu; Relaxation dynamics of 

generalized scale-free polymer networks (submitted to Nature Scientific Reports). 

7. Study of the relaxation dynamics of the multihierarchical structure 

DSGRSD 

How the topology of the polymer system affects its static and dynamic properties 

is a central question in polymer physics. It has a long-standing history and was 

first addressed in the seminal works of Rouse and Zimm who focused on the 

investigation of dilute solutions of linear polymers. With the continuous 

advancement in polymer synthesis and analysis, new macromolecules and 

supramolecules with very complex architectures and tunable properties have been 

synthesized. Among the polymers with well-defined shape and size of broad 

interest are the dendrimers. Because of their shape and topology dendrimers are 

very interesting macromolecules both to pure science and everyday life. Most of 



the properties of dendrimers are related to the nature of their numerous terminal 

groups that may be varied at will to fulfil the desired properties. Dendrimers have 

potential applications in different fields, such as in biosensors, catalysis, 

nanomedicine for drug delivery and gene therapy. 

Fractal constructs are based on the incorporation of identical motifs that repeat on 

differing size scales. The concept of fractal geometry, first introduced by 

Mandelbrot, has turned out to be a very useful tool in many fields of science. 

Scientists have been struggling to build molecular fractals through various 

synthesis strategies. The chemical synthesis of the first nondendritic fractal 

polymer based on Sierpinski hexagonal gaskets was reported by Newkome et al. 

This fractal polymer was created based on repeating hexameric architectures 

incorporated with increasing dimensions at successive higher generations. Soon 

after, Shang et al. reported the fabricating of a whole series of molecularly 

assembled and defect-free Sierpinski triangles. 

Knowing the individual dynamical behavior of the regular dendrimer and of the 

dual Sierpinski gasket, a step forward in the quest of understanding how the 

geometry of the structure affects its dynamics is to build and to study the 

relaxation dynamics of a new polymer network which incorporates the two types 

of topologies. By replicating the dual Sierpinski gasket in shape of regular 

dendrimer we have succeeded to build a new multihierarchical structure that 

connects in a very regular way the dendrimer with the dual Sierpinski gasket. 

Hence the name DSGRSD (dual Sierpinski gasket replicated in shape of 

dendrimer). Specifically, to build the multihierarchical structure at any desired 

generation (gd, gs), one has first to replace every bead of the dendrimer (of 

generation gd) with a configuration of beads customized in the dual Sierpinski 

gasket (at generation gs) shape and then to connect with bonds all these identical 

configurations in the dendrimer form. The choice of dendrimer and of dual 

Sierpinski gasket as constituents of the new multihierarchical polymer network is 

based on the fact that both are already synthesized experimentally. 

The relaxation dynamics of the multihierarchical structure has been studied in the 

the framework of generalized Gaussian structures model by employing, both, 

Rouse and Zimm approaches. In the Rouse model, taking the advantage that the 

main relaxation patterns depend only on the eigenvalues, we have shown a 

procedure whereby the whole eigenvalue spectrum of the connectivity matrix of 

the DSGRSD structure can be determined iteratively. Based on the eigenvalues 

obtained in the iterative manner we were able to investigate the dynamics of the 

multihierarchical structure at very large generations, impossible to attain through 

numerical diagonalizations. In the Rouse type-approach, where the interactions 

are considered only between nearest neighbors monomers, the general picture that 

emerges is that the multihierarchical structure preserves the individual behaviors 

of its constituents. The intermediate time/frequency domain of the dynamical 



quantities divides into two regions, each region showing the typical behavior of a 

component of the multihierarchical structure. Even though we have a mixing 

algorithm for building the multihierarchical structure, the splitting of the 

intermediate domain highlights the existence of two relaxation processes, each 

component of the multihierarchical structure relaxes on its frequency range 

independent of the other component. 

Remarkably, the multihierarchical structure still holds the original individual 

relaxation behaviors of its components even with the hydrodynamic interactions 

taken into account. Although the dual Sierpinski gasket was replicated in form of 

a dendrimer and in the Zimm approach one allows to each monomer to interact 

with any other, not only with nearest neighbors, the intermediate domain of the 

dynamical quantities still splits into two independent regions, each highlighting 

the individual dynamics of a constituent component of the multihierarchical 

structure. 

The DSGRSD structure contains loops, and even loops on loops, at every level. 

Because of the loops the interbead distances (which enter directly into the 

calculation of the hydrodynamic interaction matrix) depend on the positions of 

the (i; j)-pairs of monomers on the structure. These distances are larger at the 

periphery and smaller inside of the structure. The loops in the multihierarchical 

structure affects the dynamics in a similar way like they do on the original dual 

Sierpinski gasket. Their presence leads to lost of scaling of the dual Sierpinski 

gasket component in the Zimm model, but they do not affect in such a way to 

interfere with the dendrimer component and to result a mixture-like behavior. 

Remarkably, our theoretical findings with respect to the division of the 

intermediate domain into two regions are well supported by mechanical relaxation 

experiments performed on different types of polymers. Similar behaviors in the 

intermediate frequency domain have been reported for styrene-isoprene (SI) 

diblock copolymer micelles, associative polymers/polymer networks, complex 

supramolecular dendritic polymer networks in melt state, and associative protein 

hydrogels. Also, close experimental results to our theoretical findings have been 

also reported for collagen systems, multifunctional polyhedral oligomeric 

silsesquioxane (POSS)/poly(propylene oxide) (PPO) nanocomposites, and 

covalently crosslinked Diels-Alder polymer networks. 

This study was published on Polymers (Impact factor 3.364) and also presented 

(posters) at:  

Applied Nanotechnology and Nanoscience International Conference (ANNIC 

2017). October 18-20 2017, Rome, Italy 

Nanomaterials: Fundamentals and Applications (NFA 2017), October 9-11 2017, 

Strbske Pleso, Slovakia. 



8. Study of the relaxation dynamics of multilayer structure based on 

DSGRSD 

One of the basic challenges in polymer physics is to unveil how the dynamical 

features of a polymeric material are related to its geometry. The fast development 

of modern technologies demands very versatile polymeric materials with 

continuously changing requirements of the industry. Using modern strategies, 

such as controlled radical polymerizations, supramolecular polymerizations or 

stepwise synthesis, new macromolecules or supramolecules with very complex 

architectures and tunable properties have been synthesized. 

Among the polymers with precisely controlled molecular structures of broad 

interest are the dendrimers. They are a class of synthetic polymers that have 

monodisperse molecular weight and a well-defined highly branched structure 

resembling a perfect Cayley tree. Chemically, the synthesis of dendrimers is far 

for being simple. Their geometrical perfection requires either inside-out or 

outside-in procedures consisting of several reaction sequences, between which 

one has to purify the samples from the unwanted reaction by-products. 

For from being only pure abstract mathematical concepts, the fractals have proved 

to be important models to describe the structure and the dynamics of real systems. 

Examples are provided from different fields of science. Hierarchically organized 

surfaces are found in the endoplasmic reticulum, in mitochondria, and in other 

cell organelles. Fractal properties have been reported for the formation of protein 

fibers and for the organization of DNA into hierarchical structures. Fractal 

constructs have led to the development of materials with demonstrated potential 

as: molecular batteries, switches, and optical display devices. 

In this work we have extend the previous studies devoted to the investigation of 

the dynamics of polymers with complex architectures by considering another 

class of polymer systems, the so-called multilayer networks or networks of the 

networks. The multilayer structure in which we have focused was built by 

connecting to each other identical layers. In turn of, each layer represents a 

multihierarchical structure which was constructed by replicating the dual 

Sierpinski gasket in shape of a regular dendrimer. The multilayer network 

dynamics has been studied through the investigation of two different dynamical 

processes, the mechanical relaxation and the fluorescence depolarization under 

dipolar quasi-resonant energy transfer. For describing the mechanical relaxation 

process we have analyzed the dynamical behaviors of the storage and loss moduli. 

The dynamics of energy transfer over a system of chromophores arranged in the 

form of our multilayer network has been described by the average probability that 

a chromophore excited at time 𝑡0 is (still or again) excited at time t. 

Our goal was to monitor how the adding of more and more layers influences the 

network's dynamics, especially on the way in which the underlying topologies of 



the whole network are highlighted by the dynamical behavior of the mechanical 

relaxation moduli and by the average returning probability. Both dynamical 

processes have been investigated in the framework of the GGS model. The 

advantage of using the GGS model is that it allows one to explore very efficiently 

the dynamical properties of arbitrarily connected polymers by making use of the 

eigenvalues and eigenvectors of the connectivity matrix. Remarkably, the 

connectivity matrix is also fundamental in describing the dynamics of energy 

transfer over a system of chromophores. A reasonable assumption we have done 

here was that the energy is resonantly exchanged only between nearest neighbors. 

This is based on the fact that for dipolar interactions the Förster transfer rate obeys 

 𝑤(𝑟) = 𝐶/𝑟6 , where r is the relative distance between the chromophores 

involved, resulting clearly that the nearest-neighbor transfer is by far dominant. 

Remarkably, for our multilayer polymer network we have developed an analytical 

method whereby the eigenvalues of its connectivity matrix are determined 

iteratively. It relies on three solid properties: the rescaling of the dual Sierpinski 

gasket under real space decimation, the symmetries of the regular dendrimer, and 

the decomposition of the connectivity matrix into blocks of square sub-matrices. 

Based on the eigenvalues obtained in the iterative manner we were able to analyze 

the dynamics of the multilayer networks consisting of huge number of layers, 

impossible to attain through numerical diagonalizations. 

The investigated dynamical quantities have shown a transition from layer-like 

behavior to a chain-like behavior as function of number of layers. Remarkable, 

we have highlighted the existence of two bulk-like behaviors. These are time 

intervals where the constituent components of the multilayer network have 

common relaxation. If the first bulk forms at rather small number of layers, for 

the appearance of the second, one needs networks built up from sufficiently large 

number of layers. Furthermore, in order to attain the chain-like behavior one has 

to interconnect a huge number of layers. From here the necessity for an iterative 

method becomes crucial. 

Decomposition behavior in the intermediate region of the dynamical quantities 

has been reported for different multihierarchical structures and for a 3D cubic 

network cross-linked from linear chains. These structures preserve the individual 

behaviors of their components. For them, each region of the intermediate domain 

shows the typical behavior of only one constituent component. What is different 

from all these mentioned structures and makes our multilayer network very 

interesting is that the intermediate domain shows also bulk type behaviors, the 

coexistence of the constitutive components of the network and definitely not only 

the behavior of a single constituent. For large number of layers our multilayer 

network does not preserve the individual behaviors of its constituent components. 

For small number of layers it preserves only partially, the dendritic component 

and few unrelaxed parts of the dual Sierpinski gaskets. Moreover, for the case of 



the 3D cubic network the chain-like behavior is obtained because the network 

junctions are connected with linear chains consisting of a certain number of 

monomers. Instead, for the multilayer network, the layers are not connected with 

linear chains of a certain number of monomers. The chain-like character results 

from the fact that each monomer of an internal layer is connected with its 

corresponding ones from the nearest neighbor layers and, when the number of 

layers is very large, also from the fact that each layer plays the role of a 

macromonomer of a linear chain. 

We have compared our general theoretical features found for the multilayer 

network with experimental results from the literature. The theoretical findings 

both with respect to scaling and to the splitting of the intermediate frequency 

domain into regions with different maximal relaxation times are well supported 

by the experimental results. Furthermore, such multilayer networks are of great 

use in other domains of science; in the area of soil physics for the evaluation of 

the persistent concentration of a pollutant when contamination occurred, the 

dynamics of water, nutrients and pollutants in the vadose zone, while in plant 

ecophysiology for the study of light interception into plant canopies. This 

strengthen the interdisciplinary character of the research. 

This study has been synthesized in the following article: 

A. Jurjiu, F. Turcu, M. Galiceanu; DYNAMICS OF A COMPLEX MULTILAYER 

POLYMER NETWORK: MECHANICAL RELAXATION AND ENERGY 
TRANSFER, (submitted to Polymers). 
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