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Abstract

:

We review the results of Monte Carlo studies of chosen nonlinear optical effects in host-guest systems, using methods based on the bond-fluctuation model (BFM) for a polymer matrix. In particular, we simulate the inscription of various types of diffraction gratings in degenerate two wave mixing (DTWM) experiments (surface relief gratings (SRG), gratings in polymers doped with azo-dye molecules and gratings in biopolymers), poling effects (electric field poling of dipolar molecules and all-optical poling) and photomechanical effect. All these processes are characterized in terms of parameters measured in experiments, such as diffraction efficiency, nonlinear susceptibilities, density profiles or loading parameters. Local free volume in the BFM matrix, characterized by probabilistic distributions and correlation functions, displays a complex mosaic-like structure of scale-free clusters, which are thought to be responsible for heterogeneous dynamics of nonlinear optical processes. The photoinduced dynamics of single azopolymer chains, studied in two and three dimensions, displays complex sub-diffusive, diffusive and super-diffusive dynamical regimes. A directly related mathematical model of SRG inscription, based on the continuous time random walk (CTRW) formalism, is formulated and studied. Theoretical part of the review is devoted to the justification of the a priori assumptions made in the BFM modeling of photoinduced motion of the azo-polymer chains.
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1. Introduction


1.1. Outline


Host-guest systems play an important role in studies and applications of nonlinear optical effects [1]. Those systems consist of various types of guest molecules and particles, such as the dipolar and octupolar molecules, coated spheres, photo-isomerizable molecules, etc. dispersed in a host matrix. The latter can be a liquid crystal, polymer, biopolymer or other material. The nature of interactions between the guest and host components varies from case to case. In nonlinear optical applications the host-guest systems interact with the electromagnetic field via various types of light-matter interactions, resulting in a multitude of physical effects [1].



Theoretical studies of nonlinear effects, based on quantum-mechanical concept, offer a deep understanding and satisfactory description of a large variety of experimentally observed effects [2,3]. Those studies concentrate mainly on physical effects directly related to the guest component, i.e., embedded molecules.



Theoretical study of host-guest systems constitutes a challenge. Its origin lies in the fact that polymer systems exhibit an intrinsically hierarchical response on many length and time scales [4] and belong, in general, to the class of systems with complex heterogeneous dynamics. An analysis of static and dynamic physical phenomena in those systems requires a detailed characterization of typical configurations of polymer chains affected by the guest molecules on microscopic and mesoscopic scales. Statistical physics of polymer systems on mesoscopic scales concentrates on different aspects of their static and dynamic properties [4,5,6,7,8]. Characterization of typical local structure of polymers, as well as its counterpart for simple liquids [9], constitutes, in our opinion, one of most important unsolved problems of equilibrium statistical mechanics of classical systems.



Computer simulations provide complementary tools for the study of physical processes on various temporal and spatial scales. In particular, the molecular dynamics (MD) method, the Brownian dynamics (BD) method as well as the Monte Carlo (MC) method have been used to simulate the mesoscopic molecular models in polymer physics [10,11,12], opening the possibility of numerical studies of host-guest systems. In this paper we review the results of modeling of chosen nonlinear optical effects in host-guest systems, using one of the efficient simulation techniques—MC Bond Fluctuation Method (BFM).




1.2. Monte Carlo Simulations of Polymer Systems


Various simulation techniques are used to model the polymer systems, depending on the length and time scales [10,13], as well as on the details of the characterization of the system. For problems involving atomistic features the quantum chemical calculations are used [14], which provide detailed information on the scale of, say, a single polymer chain. On larger scales, when tens or hundreds of polymer chains are of interest, molecular dynamics (MD) methods are used—the polymer chain dynamics is simulated by numerically solving Newton’s equations, using either model potentials or potentials obtained from quantum-mechanical simulations. In an alternative approach the Langevin’s equation is numerically integrated. For the class of problems for which still much larger polymer systems (consisting of, say,   10 4  –  10 5   chains) are necessary, those methods become insufficient and simplified models are used. For polymer chains this approach requires replacing successive chemical groups by an effective bond between some effective units. The MC method, discussed in detail in Section 2.3.1, offers the possibility of generating a set of instantaneous configurations for systems consisting of a large number of model physical objects like, e.g., model polymer chains, at the price of being less detail-specific than its quantum-mechanical or molecular dynamics counterparts. In the case of non-linear optics experiments in host-guest systems the effects typical for complex systems are often observed, indicating that large spatial scales play an important role. Consequently, Monte Carlo methods are adequate for their theoretical modeling.



Monte Carlo simulations use off-lattice as well as lattice models. Off-lattice method models a polymer chain as consisting of rigid bonds of a constant length, jointed together at arbitrary angles, or as a bead-spring system [4,6]. In the latter case various interactions between all beads [15] and/or a potential controlling the angle between subsequent bonds are introduced.



In lattice models each effective bead of the polymer occupies a single lattice site; the nearest-neighbor beads are connected by links. These links simulate the Kuhn segments formed from groups of some number of monomers along the polymer chain: averaged length of the links in the BFM equals the length of the Kuhn segment of the polymer chain. The assigned potential energy depends on the length of the link. One of the commonly used algorithms for the simulation of many-chain systems is the BFM [16,17,18]. It combines typical advantages of lattice MC methods with those from the continuous BD algorithm. The details of BFM are discussed in Section 2.3.2.



In spite of being a non-specific model of polymer dynamics, the BFM was successfully used to study a large variety of physical effects in two- and three dimensions like, e.g., static [18,19,20,21,22,23,24,25,26,27,28,29] and dynamic [18,30,31,32,33] properties of linear chains, polymer rings [27,34], polymer blends and interfaces [35,36], gels and networks [37], glass transition [38,39,40], polymer blends [41], (co)polymers at surfaces [42], polymer brushes in good solvents [43,44,45,46,47,48,49], polymer thin films [50,51,52], equilibrium polymers [29,53,54], general self-assembly [55,56,57], networks and gel point [58,59,60,61], olympic gels [62,63,64], hyperbranched polymers [65,66], dendrimers [67,68,69,70], lipid membranes [71,72,73,74], see also review papers [75,76,77].




1.3. Photoinduced Mass Transport in Functionalized Azo-Polymers: Concepts


The modeling of physical effects in azopolymers, i.e., host-guest systems with photo-isomerisable molecules attached to the polymer chain, requires some knowledge about the origin of light-induced mass motion. This topic has, since long time, created some controversies, presented in detail below.



The most distinctive feature of azopolymers is their ability to change a shape and to exhibit sofisticated biomimetic motions under light illumination [78,79,80,81]. For example, the surface of thin azopolymer films easily deforms when irradiated by the polarized visible light and the deformations can be directed by the light polarization [82,83]. The nature of the physical mechanism behind surface relief changes stays still a debatable issue, if judged by a growing number of theories presented for its explanation [84,85,86,87,88,89,90,91,92,93]. Most theoretical developments rely on the concept of photo-induced plasticization [85] or directional photo-fluidization [94,95]. However, a number of experiments carried both by the protagonists [94,96,97] and antagonists [98,99,100,101] of the photofluidization concept failed to provide unambiguous evidence of macroscopic light-induced fluidization in the glassy azo-polymers. Under illumination with visible light the mechanical moduli decrease at most two-four times and the viscosity of glassy azo-polymers diminishes less than one order of magnitude at conventional laser intensities [102]. This means that material constants are only slightly changed during the process of azo-isomerization. The azo-polymer stays in the glassy state and does not undergo a photofluidization transition.



By saying this, we should distinguish between two kinds of azo-materials. The first kind is used in nano- and micro-technologies to inscribe surface relief patterns or produce lithographic posts [103,104]. To ensure a long-term thermal stability (ranging from days to months), one chooses such materials which are deep in a glassy state. Their glass transition temperature   T g   is nearly 100 K above the ambient one or in the case of azo-polyurethanes [105] even much higher. On the other hand, in some applications it is desirable to have the materials which can be easily switched by light illumination between the solid and liquid state. First we mention a class of low molecular crystalline azo-materials whose melting temperature can be abruptly lowered by irradiation with ultraviolet light, when all chromophores are being pushed from the trans- to the cis-state. If the cis-crystal of such material has the melting temperature below the ambient one, a spectacular crawling along the surface [106] or even jumping from it have been observed [107]. Second, nowadays a special chemistry design allows to produce the azo-polymers, the glass transition temperature of which can be decreased to the region below the room temperature by illumination with ultraviolet light [108,109,110]. Molecular features of this kind of polymers provide a photoinduced solid-to-liquid transition. In particular, their side-chains contain azobenzene-type chromophores connected with the long alkyl chains as spacers and tails. In contrast, azo-polymers used to inscribe surface relief patterns or produce lithographic posts does not contain long alkyl chains and accordingly no decrease of   T g   was reported for them, even under irradiation with ultraviolet light [109].



In any case to clarify the directional deformations in glassy azo-polymers, one needs a sound physical concept which can explain a strong photomechanical coupling between the processes taking place in these materials on a microscopic and macroscopic levels. Recently, a strong evidence appeared that the irradiation with polarized visible light is able to generate extremely large stresses [111,112,113] which induce mass transport leading to appearance of surface relief patterns. The origin of such large stresses has been predicted already a decade ago in the frame of orientation approach [102,114], the basic features of which have been checked in coarse-grained modeling [115,116] and recently received a rigorous theoretical proof [117,118]. The orientation approach is feeded by the idea that the reorientation of azobenzene chromophores, known to occur perpendicular to the polarization direction of light, is followed by rearrangement of backbones of macromolecules coupled to them [114,116,119,120]. Importantly, the orientation approach predicts the values of the light-induced stress, which is large enough to deform irreversibly glassy azo-polymers in agreement with experiments [112,113,121]. Theoretical formulation of this topic is given in Section 2.1.



The photoinduced mass transport has been also observed in azo-containing polymer brushes [111] and azobenzene stars [122,123].




1.4. Scope of the Review


The original BFM was generalized to account for guest molecules, interacting with external fields: constant electric field and laser light. Three types of organization of host-guest systems are studied, in which the guest molecules are (i) embedded in a polymer matrix, (ii) attached to the polymer chain and (iii) semi-intercalated in the polymer chain. Systems are studied in the weak concentration limit, when the interactions between guest molecules can be neglected.



The review covers three groups of topics. The first one, modeling of chosen non-liner optics effects, was motivated by experimental results. They include, e.g., inscription of various types of diffraction gratings, second harmonic generation (SHG), all-optical poling, light-driven mass transport and others. Typically, the physical problem is formulated and the corresponding BFM model presented, followed by simulation details and physical interpretation of the results. Simulations offer a detailed insight into “microscopic” processes, promoting formulation of a physical picture corresponding to experimental effects and, in some cases, of mathematical models.



A second group has a methodological character and is related to the classification of types of light induced dynamics of azo-polymers. It offers a good starting point for simple mathematical models (like, e.g., continuous time random walk) in which photoinduced mass transport of azo-polymers becomes important. We point out that some aspects of photoinduced motion of azo-polymers were discussed by other groups [86,92,124,125].



Third group of topics offers a partial answer to the challenging problem of a classification of local structure of model polymer system. It is limited to a part relevant to the study of host-guest systems—the statistical characterization of local free volume voids) in a polymer matrix.



The paper is organized as follows. Section 2 is divided in two parts. The first one has a theoretical character and provides an analytical treatment, based on the kinetic equations for photo-isomerization transitions, of the stress in polymeric materials resulting from interaction of the light with photo-switchable molecules. The second part reviews the generalized BFM for host-guest molecules in the presence of external electromagnetic fields and defines the parameters typical for the nonlinear effects discussed in this review. The three groups of topics briefly introduced above are presented in Section 3.





2. Materials and Methods


2.1. Theory: “Microscopic” Orientation Potential


Description of the photo-induced mass transport in azobenzene-containing polymers is based on the angular-dependent photoisomerization of azobenzene chromophores with respect to the polarization vector of the light. Angular-dependent photoisomerization process leads to the photo-induced orientation ordering in the azo-polymer which according to the stress-optical law [4] should be accompanied by the mechanical stress. Below we discuss first the kinetic equations of photoisomerization under linearly polarized light and then present the generalization of the formalism for the elliptically polarized light.



2.1.1. Linearly Polarized Light


The probability of trans-cis isomerisation of azobenzene under linearly polarized light depends on the angle  θ  formed by the transition moment of the trans-isomer with respect to the polarization vector of the light  E . In a good approximation it can be assumed that the transition moment is directed along the long axis of the rodlike trans-isomer. According to Dumont and Osman [126], the angular-dependent probability of trans-cis isomerization per unit time,    p T   ( θ )   , can be written in the form proportional to    cos 2  θ  :


   p T   ( θ )  =  P T   cos 2  θ .  



(1)







Here the constant   P T   is proportional to the intensity of the polarized light, I:    P T  =  k  T C   I  . The rate constant   k  T C    is related to the absorption cross-section of the trans-isomer; the value   k  T C    can be extracted from experimental data [99].



The cis-trans photoisomerization is well approximated as an angular-independent process due to isotropic polarizability tensor for a bent cis-isomer. Thus, one can write for the probability of cis-trans isomerization per unit time,    p C   ( θ )   :


   p C   ( θ )  =  P C  ,  



(2)




where the constant   P C   is defined by two contributions [99]:    P C  =  k  C T   I + γ  . The first term is due to the photoisomerization process and the second one is defined by thermal transformation of excited cis-isomer to the ground trans-state.



Equations (1) and (2) define the probabilities of trans-cis and cis-trans photoisomerization processes. These equations can be used directly both in computer simulations and in theoretical studies. Below in Section 2.3 we will show, how the mentioned equations can be used in Monte Carlo simulations. In the present subsection of the review we discuss the theoretical formalism developed in Ref. [117] to describe the kinetics of photoisomerization and photo-induced orientation ordering.



In the framework of the theoretical formalism, the time evolution of the angular distribution functions,    n T   ( θ )    and    n C   ( θ )   , for trans- and cis-isomers is defined by following kinetic equations [117]:


    ∂  n T   ( θ )    ∂ t   = −  p T   ( θ )   n T   ( θ )  + ∫ d  Ω ′   p C   n C   (  θ ′  )   f  C T    (  Ω ′  → Ω )  +  D T   ∇ θ 2   n T   ( θ )   



(3)






    ∂  n C   ( θ )    ∂ t   = ∫ d  Ω ′   p T   (  θ ′  )   n T   (  θ ′  )   f  T C    (  Ω ′  → Ω )  −  p C   n C   ( θ )  +  D C   ∇ θ 2   n C   ( θ )  .  



(4)







The first and second terms in the right-hand sides of the last equations describe the contribution from the trans-cis and cis-trans isomerization processes, respectively. The variable  Ω  contains two Euler angles:   Ω ≡ ( θ , φ )  , where  φ  is the azimuthal angle which determines the orientation of the azobenzene around the polarization vector  E . Integrations over the angles in Equations (3) and (4) are defined via the volume element as follows:   d Ω = sin θ  d θ  d φ  ,   θ ∈ [ 0 , π ]   and   φ ∈ [ 0 , 2 π ]  . The functions    f  T C , C T    (  Ω ′  → Ω )    determine the probability of stochastic reorientation of the chromophore during the trans-cis and cis-trans photoisomerization processes from the initial orientation   Ω ′   to the final orientation  Ω . We assume that the azimuthal reorientation of the chromophore with respect to its initial orientation is random and   f  T C , C T    are solely functions of the angle  χ  between the initial and final orientations of the chromophore:    f  T C , C T   =  f  T C , C T    ( χ )   .



The last terms in Equations (3) and (4) describe the orientation diffusion of the trans- and cis-isomers;   D T   and   D C   are the rotational diffusion coefficients for trans- and cis-isomers, respectively. In Ref. [127], it was shown that the values   D T   and   D C   are very close to each other; therefore, below an approximation    D T  ≈  D C  ≡ D   will be used. Thus, the photoisomerization kinetics is described by a system of two integro-differential Equations (3) and (4), which are non-linear with respect to the angular variable. To solve these equations is not a trivial problem.



Alternatively, the photo-induced orientation ordering can be described in a more simple way by introducing an effective orientation potential acting on azobenzene chromophores. For equivalent description of the phenomenon the orientation potential should reproduce the orientation ordering which follows from the kinetic Equations (3) and (4). Note that both trans- and cis- isomers influence the conformations of azo-containing polymer chains and define the total mechanical stress and photo-induced mass transport. Therefore, the most important characteristics to be investigated is the orientation ordering of all isomers.



The angular distribution function of all chromophores,   n  ( θ )  =  n T   ( θ )  +  n C   ( θ )   , affected by effective orientation potential    U eff   ( θ )   , is determined by the following kinetic equation [117]:


    ∂ n   ∂ t   =  D  sin θ    ∂  ∂ θ    sin θ    ∂ n   ∂ θ   +  n  k T     ∂  U eff    ∂ θ     .  



(5)







It is worth to calculate the orientation potential which appears at the moment when the light is switched on. The evolution of   n ( θ )   at the initial stage can be described by the Taylor expansion:


  n  ( θ , t )  = n  ( θ , t = 0 )  +   ( ∂ n / ∂ t )   t = 0   · t + …  



(6)







At the initial state in the dark the orientation distribution of chromophores is isotropic:   n ( θ , t = 0 ) = 1 / ( 4 π )  . The first derivative    ( ∂ n / ∂ t )   t = 0    can be found from Equation (5) as follows:


    ( ∂ n / ∂ t )   t = 0   =  D  4 π k T sin θ    ∂  ∂ θ   sin θ   ∂  U eff    ∂ θ   .  



(7)







On the other hand, the first derivative     ( ∂ n / ∂ t )   t = 0   =   ( ∂  n T  / ∂ t )   t = 0   +   ( ∂  n C  / ∂ t )   t = 0     can be determined from photoisomerization kinetics described by Equations (3) and (4), that give:


    ( ∂ n / ∂ t )   t = 0   =    P T    〈  sin 2  χ 〉   T C     8 π    ( 1 − 3  cos 2  θ )  .  



(8)







For equivalency of the two approaches (based either on the angular-dependent photoisomerization or on the orientation potential) it is necessary to equate the right-hand sides of the Equations (7) and (8). It provides equivalent time evolution of the distribution function   n ( θ )   in the framework of both approaches. Equating the right-hand sides of the Equations (7) and (8) we obtain the following differential equation for the potential    U eff   ( θ )    [117]:


   ∂  ∂ θ   sin θ   ∂  U eff    ∂ θ   =    P T  k T   〈  sin 2  χ 〉   T C     2 D    ( 1 − 3  cos 2  θ )  sin θ .  



(9)







After double integration of both sides of the last equation with respect to  θ  we obtain the solution for    U eff   ( θ )    in the following form [117]:


   U eff   ( θ )  =  V 0  ·  cos 2  θ ,  



(10)




where the strength of the potential   V 0   is related to the physical parameters controlling the photoisomerization process [117]:


   V 0  =    P T  k T   〈  sin 2  χ 〉   T C     4 D   .  



(11)







Note that the effective orientation potential in the form of Equation (10) was phenomenologically proposed by two independent groups [128,129] and was used later to describe theoretically the photoorientation in broad classes of azo-polymers [114,118,130,131,132,133,134,135,136,137,138]. Thus, the presented theoretical formalism based on the photoisomerization kinetics described by Equations (3)–(11) justifies the introduction of the orientation potential in the form of Equation (10). Furthermore, the presented formalism provides the value of the strength of the potential as a function of the physical parameters controlling the photoisomerization kinetics. In particular, one can see that the strength of the potential   V 0   is proportional to the intensity of the light:


   V 0  =  C 1  · I ,  where   C 1  =    k  T C   k T   〈  sin 2  χ 〉   T C     4 D   .  



(12)







Thus, we presented here two equivalent approaches to describe the photoorientation in azo-polymers under illumination with linearly polarized light. The first approach is based on the explicit consideration of angular-dependent photoisomerization process using kinetic Equations (3) and (4), which contain the absorption probabilities given by Equations (1) and (2). The second approach is based on the orientation potential described by Equation (10). In the next subsection of our review we present a possible generalization of these two approaches to study the photoorientation in azo-polymers illuminated with the elliptically polarized light.




2.1.2. Elliptically Polarized Light


The elliptically polarized light represents an electromagnetic radiation, in which the tip of the electric field vector describes an ellipse within the plane perpendicular to the direction of the light propagation. The light-induced deformation under elliptically polarized light is of a special interest as it naturally appears in surface relief gratings which are inscribed by two orthogonally polarized light beams [93,139]. Theoretical formalism to describe the orientation ordering in azo-polymers illuminated with the elliptically polarized light can be developed as a generalization of the formalism presented in previous section for the linearly polarized light. It is well known that elliptically polarized light can be presented as a superposition of two linearly polarized waves propagating along the same direction (e.g., along the z-axis) with the perpendicular electric vectors:


   E x   ( t )  =  E  x , 0   cos  ( ω t )   and   E y   ( t )  =  E  y , 0   sin  ( ω t )  .  



(13)







The orthogonal x- and y-axes are directed along the principal axes of the ellipse described by the tip of electric field vector; the magnitudes of the two linearly polarized waves   E  x , 0    and   E  y , 0    are equal to the main semi-axes of this ellipse;  ω  is the angular frequency of the light. The intensities of the waves,   I x   and   I y  , are related to the total intensity of the elliptically polarized light, I, as follows:


  I =  c  4 π    〈  E 2  〉  =  c  4 π    〈  E x 2  +  E y 2  〉  =  I x  +  I y  ,  



(14)




where c is the speed of light in vacuum.



Since the trans-cis photoisomerization events generated by the two linearly polarized waves are independent processes, one can simply write the probability of the trans-cis isomerization   p T   under action of the elliptically polarized light as a sum of two contributions, using Equation (1):


   p  T ,  elp   =  k  T C    I x   cos 2   θ x  +  k  T C    I y   cos 2   θ y  ,  



(15)




where   θ x   and   θ y   are the angles formed by the long axis of a chromophore with respect to the x- and y-axes, respectively. Using Equation (14), the probability of absorption can be rewritten as follows:


   p  T ,  elp    (  θ x  ,  θ y  )  =  P T  ·  (  w x   cos 2   θ x  +  w y   cos 2   θ y  )  ,  



(16)




where    P T  =  k  T C   I  ; the factors    w x  =  I x  / I   and    w y  =  I y  / I   are the relative contributions of the linearly polarized waves to the total light intensity (   w x  +  w y  = 1  ) and are related to the aspect ratio of the ellipse described by the tip of the electric field vector.



Similarly, the effective orientation potential can be generalized for the elliptically polarized light. Each linearly polarized wave described by Equation (13) produces an effective orientation potential according to Equations (10)–(12). Thus, the effective potential of a chromophore under the elliptically polarized light can be presented as a superposition of the potentials produced by these two waves:


   U  eff ,  elp    (  θ x  ,  θ y  )  =  V 0  ·  (  w x   cos 2   θ x  +  w y   cos 2   θ y  )  ,  



(17)




where    V 0  =  C 1  · I  . It is important to note that according to Equations (16) and (17), the elliptically polarized light produces a biaxial ordering in general case,    w x  ≠  w y  > 0  .



The derived Equations (16) and (17) for the elliptically polarized light reproduce important limiting cases. For the linearly polarized light (   w x  = 1   and    w y  = 0  ), Equations (16) and (17) are reduced to corresponding relationships (1) and (10) derived in the previous subsection. For the circularly polarized light (   w x  =  w y  = 1 / 2  ), Equations (16) and (17) are transformed as follows:


   p  T ,  circ    (  θ z  )  =  1 2   P T   sin 2   θ z    and    U  eff ,  circ    (  θ z  )  =  1 2   V 0  ·  sin 2   θ z  ,  



(18)




where   θ z   is the angle formed by the long axis of the chromophore with respect to the z-axis, which lies along the propagation of the light,    cos 2   θ x  +  cos 2   θ y  +  cos 2   θ z  = 1  . One can see from Equation (18) that circularly polarized light produces a uniaxial alignment of chromophores along the direction of light propagation. Relationship (18) is in agreement with the results of previous studies devoted specially to the circularly polarized light [119,126,140].



Thus, in the present subsection of our review we developed a theoretical formalism, which can be used in further investigations to study the photoorientation in azobenzene-containing polymers of various structure under illumination of elliptically polarized light by means of both theoretical methods and computer simulations.




2.1.3. Photo-Induced Mechanical Stress


One of the most important application of the theoretical formalism based on the orientation potential introduced above is its ability to estimate the photo-induced mechanical stress. According to the monograph [4], the action of the orientation potential   U eff   on the rod-like moieties leads to the appearance of the mechanical stress. Using Equation (9.52) of Ref. [4], the components of the stress tensor,   σ  α β   , appearing in azo-polymer due to the reorientation of rod-like azo-moieties under action of the potential   U eff   can be calculated as follows:


   σ  α β   = −  n 0   〈   ( u × R  U eff  )  α   u β  〉  .  



(19)







Here   n 0   is the number density of the chromophores,  u  is the unit vector directed along the rod-like chromophore in the trans-state,   R = u × ( ∂ / ∂ u )   is the rotational operator and the averaging is over orientation of all chromophores. Substituting the orientation potential given by Equations (10) or (18) into the Equation (19), one can see that the characteristic values of the mechanical stress are proportional to the factor    n 0   V 0   . The numerical prefactors are determined by the averaged moments of the 4th order,   〈  u α 2   u β 2  〉  , for the orientation distribution function of chromophores. For instance, as was shown in Ref. [117], the magnitude of the normal stress,   σ =  σ  x x   −  σ  y y    , under action of the linearly polarized light (the light polarization  E  is directed along the x-axis) is given by   σ = 0.4   n 0   V 0   .



Now, using Equation (11), which relates   V 0   with the physical parameters controlling the photoisomerization in azo-materials, one can estimate the characteristic magnitude of the photo-induced mechanical stress. Parameter   k T / D   in Equation (11) is related to the viscosity of the material  η  [4]:   k T / D = π η  L 3  /  [ 3  ( ln 2 p − 0.5 )  ]   , where L and p are the length and the aspect ratio of the orienting moieties. Using typical values   η ≈  10 3   GPa · s   for materials near the glass-transition temperature   T g  [141] and geometrical characteristics of the azobenzene chromophores   L ≈ 0.9   nm and   p ≈ 3  , as well as the typical values    k  T C   ≈ 0.4    cm  2  / J   and    n 0  ≈ 1.5 ×  10 21     cm   − 3     for azo-materials [99], one can estimate the characteristic magnitude of the normal stress at the light intensity   I = 0.1    W / cm  2    as follows [117]:   σ = 0.4   n 0   V 0  ≤ 4   GPa for materials near   T g  . Here the maximal value of  σ  is given for the maximal value of the parameter   〈  sin 2  χ 〉 = 1   in Equation (11), which is related to the angular jump  χ  of a chromophore during the trans-cis photoisomerization event.



Remarkably, the mechanical stress estimated above has the same order of magnitude as was estimated in experimental works [111,112,113] which showed that light-induced mechanical stress can reach a giant value of 2 GPa and is able to deform covalent bonds as well as to break metallic layers on the surface of a glassy azo-polymer. Thus, the presented theory explains unambiguously the possibility for the appearance of the photo-induced stress of such a giant magnitude. From the other side, the photo-induced stress due to the factor   〈  sin 2  χ 〉 < 1   can be lower than 4 GPa. The angular jumps of the chromophores during the photoisomerization process are hindered in a glassy material by the stiffness of the surrounding media. At small redistribution angles    10 ∘  ≤ χ ≤  20 ∘   , which can be estimated for the chromophores in glassy materials [117], we obtain the values for mechanical stress between 100 MPa and 500 MPa at   I = 0.1    W / cm  2   . Note that the last values are above the typical values of the yield stress,   σ Y  , for glassy polymers (e.g.,    σ Y  ≈ 50  MPa   for PMMA). At   σ >  σ Y    the glassy polymer deforms irreversibly. Thus, the proposed theory provides the physical background of the light-induced mechanical stress large enough to deform irreversibly glassy azo-polymers, the fact which is widely observed, e.g., in SRG experiments.



Recent theoretical work [119] presents a detailed description, how to investigate the time-dependent orientation state of polymer backbones and to calculate the light-induced stress under homogeneous irradiation. Implementing the stress into a viscoplastic material model of the finite element software ANSYS, the directional photodeformations of azo-polymer posts and micropillars under linearly and circularly polarized light could be reproduced in accordance with the experiments [103,104,142]. The viscoplastic modeling approach has been further developed [120] to describe the appearance of stripe patterns in a quickly moving azo-polymer film irradiated with a strongly focused laser beam [105,143].



To conclude the present section we note that according to Equations (17) and (19), the photo-induced mechanical stress under the elliptically polarized light is also defined by the factor    n 0   V 0    as for the linearly polarized light. Thus, the present work generalizes the results of the previous theory [117] devoted to linearly polarized light and shows that the magnitude of the mechanical stress under the elliptically polarized light can also achieve the values 100 MPa–4 GPa as for the linearly polarized light. The photo-induced mechanical stress of such giant magnitudes can induce molecular motion in azo-polymers which can be deep in the glassy state. As it will be discussed below, the last consequence of the theory can serve as a background for the Monte Carlo simulations which assume a priori the possibility of molecular motions even in glassy polymers under illumination with the light.





2.2. Degenerate Two Wave Mixing Experiment


In the degenerate two-wave mixing (DTWM) experiment two coherent laser beams of arbitrary polarization interfere. The polarization of the emerging optical field varies spatially in magnitude and/or orientation. s-polarized beams at symmetric geometry, with Bragg’s planes perpendicular to the film surface, generate intensity fringe patterns (Figure 1) of the form:


  I = 2   I 0   ( 1 + sin  ( q x )  )  ,  



(20)




where   I 0   denotes the intensity of each of the incoming beams,   q = 2 π / Λ   denotes the wave-vector of the grating, and  Λ —its period.



The light diffraction efficiency   η s   in the case of two s-polarized beams is defined as


   η s  =   I 1   I 0   ,  



(21)




where   I 1   denotes the intensity of first-order diffracted light beam. In a small signal approximation, without absorption grating contribution to the diffraction efficiency, assuming that the anisotropic optical properties are related only to the molecules in trans state,   η s   becomes [144,145]


   η s  ∝   ( Δ n )  2  ,  



(22)




where   Δ n   denotes the amplitude of refractive index of a periodic sinusoidal grating. Similar equations hold for p-polarized light.




2.3. Monte Carlo Simulations of Host-Guest Systems in BFM Approach


2.3.1. Metropolis Monte Carlo Method


Monte Carlo method uses random numbers to estimate parameters of a probe sampled from a general population. Metropolis Monte Carlo approach [146] was successfully used in polymer science [10,147]; other implementations in polymer science are also used [12,148,149].



Metropolis Monte Carlo algorithm samples a set of typical equilibrium configurations of a system of interacting physical objects at absolute temperature T. For this purpose, one starts from some (old) configuration with energy   E  o l d    and modifies it by performing trial movements of its constituent elements. Trial configuration generated in this way has energy   E  t r i a l   , and it is accepted as a new member of the set of configurations with probability equal to the smaller value of two expressions: 1 and   e  −  (  E  t r i a l   −  E  o l d   )  /  (  k B  T )    , where   k B   denotes Boltzmann constant (Metropolis acceptance rule). If the trial configuration is rejected by this rule, then old configuration becomes the new member of the set of configurations. This procedure is iterated, starting from the last configuration added to the set. Chosen thermodynamic parameters are monitored to localize the onset of thermodynamic equilibrium. The configurations generated in the same way in equilibrium regime are used to calculate thermodynamic and structural parameters, as well as kinetic/dynamic effects.




2.3.2. BFM Model in 2D and 3D


In 2D and 3D BFM models the neighboring monomers of a polymer chain are connected by bonds. This bonds are related to the Kuhn segments formed from groups of monomers along the polymer chain: averaged bond length in the BFM equals the length of the Kuhn segment [10]. The BFM model in 3D uses five bond orientations. Bond lengths read (in lattice constants) [20]: 2,   5  ,   6  , 3,   10  . The corresponding bond stretching energies    E i    ( i = 1 , … , 5 )    read    E i  =  E 0    ε i   , where parameter   E 0   sets an energy scale and defines the reduced temperature    T *  =  k B  T /  E 0   . In what follows we write, for simplicity, T instead of   T *  .   ε i   represents a dimensionless energy equal    ε i  = ε = 1   for the first three bond lengths, and   ε i   = 0 for the remaining lengths. The glass transition temperature reads approximately    T g  = 0.3  . In a single Monte Carlo step (MCS) each of the monomers performs the trial movement along one of randomly chosen directions   x , y , z  . It is accepted when the following three conditions are met: (i) a new length of the bond does not violate imposed restrictions, (ii) the trial position of the monomer is neither occupied by a monomer nor a nearest neighbour of a monomer and (iii) the Metropolis acceptance rule does not reject the movement. In most of our MC simulations in 3D, the polymer matrix is composed of    N 0  = 24 , 000   polymer chains, each consisting of   L = 20   monomers, placed on    V p  = 200 × 200 × 200   lattice, which yields the reduced density   ρ = 8  N 0  L /  V p  = 0.48   (dense polymer melt). In what follows, we refer to it as a standard 3D matrix. In Figure 2 a scheme of the chain (Figure 2c) and an exemplary configuration of standard 3D matrix (Figure 2d) are presented.



For 2D model [40] the following set of bond lengths was used (in lattice constants): 2,   5  ,   8  , 3,   10  ,   13  ; the corresponding bond stretching dimensionless energies   ε i   are 1, 0.64, 0.08, 0.02, 0.00, 0.15. In a single MCS each of the monomers performs a trial movement of unit length along one of the two directions   x , y  . The movement was accepted using the same procedure as for 3D system. In Figure 2a scheme of a single 2D chain (Figure 2a) and an exemplary configuration of 2D system (Figure 2b) are presented.



Typically, two kinds of host-guest systems are studied in experiments, with guest molecules (azodyes) embedded in the matrix or rigidly attached to the polymer chain. In the latter case, in BFM model, the azo-dye molecules are located close to one of the two monomers belonging to a bond. In   t r a n s   state azo-dyes are perpendicular to the bond, see Figure 3.




2.3.3. Local Characterization of the BFM Matrix


The dynamics of guest molecules depends, apart from the interaction with external fields, on its local static and dynamical neighbourhood. Two local parameters were introduced to characterize it.



The first one, local void parameter   V (  r →  )   is a measure of local free volume around lattice site   r →  . This scalar field characterizes the inhomogeneity of the distribution of monomers in the system. It was introduced in Ref. [145] and extensively used to study host-guest systems [145,150,151,152,153,154,155,156]. To calculate the value of parameter   V (  r →  )   one analyzes the occupancy of a   3 × 3 × 3   cube around lattice site   r →  , see Figure 4a. The lattice site   r →   corresponds to the central cell in the cube. The cross, which plays an important role in the model, consists of 7 cells: the central one and its 6 nearest neighbours. The lattice site   r →   is blocked (  V (  r →  ) = 0  ) in the case when a monomer occupies one of the cells of the cross. In other cases each monomer in the cube (with the exception of the cross) decreases the value of parameter   V (  r →  )   by 1:


  V  (  r →  )  =  V 0  − k ,  



(23)




where   0 ≤ k ≤  V 0    stands for the number of monomers in the cube. Thus, V becomes a measure of local free volume. High values of   V (  r →  )   correspond to a neighbourhood with few (if any) monomers, while its low values indicate that lattice site   r →   has some number of neighbouring monomers. We use    V 0  = 7   because in the simulations the maximal occupancy of the cube by the monomers was equal 7. The linear counting rule, Equation (23) is rather arbitrary, but its modifications lead to rather quantitative and not qualitative changes of the results [145].



The correspondence between the size of the cube and the corresponding scale in real polymeric materials can be roughly estimated using the length of the Kuhn segment which corresponds to the averaged bond length in BFM. For example, the Kuhn’s length for PMMA is   1.7   nm [158] leading to the conclusion that the volume of the cube used to calculate V is approximately   10    nm  3    [157].



The second parameter,   C (  r →  )  , characterizes dynamical changes of the distribution of monomers in a close neighbourhood of point   r →  . To this end one monitors the total number   δ  n i    of changes of the occupations of lattice sites    r →  i   close to   r →  , in a unit of MC time, see Figure 4b. In the case when the occupation of site    r →  i   has changed,   δ  n i  = 1  ; otherwise   δ  n i  = 0  . The formula for C reads [145,152]


  C =  ∑ i  δ  n i  .  



(24)







The sum is taken over cells in a cube   9 × 9 × 9   around the lattice site   r →  .




2.3.4. Light-Matter Interaction for Host-Guest Systems in BFM Approach Polarization Effects


The kinetic MC modeling applies analytical expressions for transition probabilities (transition rates) p in MC unit time for kinetic processes. The kinetic model of host-guest systems includes the interaction of azo-dyes with an optical field (light-matter interaction), with the matrix and the intermolecular dye-dye interactions. The light-driven trans-cis-trans cycle of azo-dye molecules consists of three events: transitions   t r a n s → c i s  ,   c i s → t r a n s   and angular diffusion (see Figure 5).



The concept of MC modeling was formulated in Ref. [144] for the case of pure light-matter interaction. The generalized transition rates for host-guest systems, which account for the matrix in the low concentration limit (when the dye-dye intermolecular interactions and the influence of the isomerization dynamics on the matrix can be neglected), were formulated in Refs. [145,152]. Namely, the transition rates for   t r a n s → c i s  , Equation (1), and   c i s → t r a n s  , Equation (2) transitions, were modified to account for the local matrix environment:


   p T   ( θ )  = V  I   k  T C    cos 2  θ ,  



(25)






   p C   ( θ )  = V  I   k  C T   .  



(26)







The parameter


  R =   k  T C    k  C T     



(27)




plays an important role for the kinetics of host-guest systems [155,159,160].



In the case of two photon absorption the transition rate reads [161]:


   p T   ( θ )  = V  I 2   k  T C   ( 2 )    cos 4  θ .  



(28)







In the case of all-optical poling transition rates include one- and two-photon absorptions, as well as the term which breaks the centrosymmetry:   p  ( θ )  ∝  cos 3  θ   (see Section 3.7). The resulting transition rate is a weighted sum of those rates. For optimal conditions (equal excitation probabilities through one- and two-photon absorptions) [162] the rate of   t r a n s → c i s   transition reads, in the presence of the matrix [150]:


   p T  = V  I   p  t c     (  cos 2  θ +  cos 4  θ + 2  cos 3  θ )  .  



(29)







The transition rate for rotational diffusion, from the orientation   Ω = ( θ , ϕ )   to   Ω + Δ Ω = ( θ + Δ θ , ϕ + Δ ϕ )   ( θ  and  ϕ  denote polar and azimuthal angles, respectively), reads [145,152]:


  p  ( Ω → Ω + Δ Ω )  =       p  d i f f    V  C     ,  Δ Ω < Δ  Ω 0       0    ,  Δ Ω > Δ  Ω 0  ,       



(30)




where   p  d i f f    is a constant. In the above formulas   0 ≤ I ≤ 1   denotes a dimensionless light intensity. In most of our MC simulations the intensity   0 ≤ I ( x ) ≤ 1   is a dimensionless quantity [163]. Its relation to “physical” intensity can, in principle, be made, given the relation between 1 MCS and the unit of time. To summarize, in the BFM the azo-dye molecules couple to the polymer matrix through the local parameters V and C.



Transition rate   p T   depends on the orientation of the dye and it can vary along the chain. Thus, the polarization of the light becomes an important factor for the dynamics of host-guest systems. The counterpart of the Full Polarization Model (FP model), Equation (25), is the Polarization Independent Model (PI model) which is insensitive to polarization—the transition probability   p T   is constant and independent on the orientation of an azo-dye. Both models were recently studied in 2D case [164]:


   p T  =      I ( x , y ) ,      Polarization Independent ( PI ) Model  ,       I  ( x , y )   cos 2  θ ,     Full Polarization ( FP ) Model .       



(31)








2.3.5. Details of MC Simulations


In the host-guest BFM with azo-dyes attached to the polymer chain, the monomers perform two types of trial MC movements: thermal [40] and non-thermal, the latter related to the interaction of azo-dyes with light [154,163]. Thermal trial movements drive the matrix towards equilibrium and were described in Section 2.3.2.



Non-thermal MC movements model the action of forces and torques which have their origin in mechanical effect of photoisomerization cycles   t r a n s ↔ c i s   [154,163], and drive the system out of equilibrium. A photoisomerization transition of an azo-dye molecule grants an additional, non-thermal trial movement of the monomer closest to the dye. It has unit length and is done along one of randomly chosen directions   x , y , z  . It is accepted provided that the conditions (i) and (ii) are satisfied. Metropolis acceptance rule is no more valid since the trial movement is not thermally driven. This conclusion reflects the fact that the typical energy of light quanta which cause the photoisomerization transition (a few eV) much exceeds characteristic thermal energy at room temperature T (   k B  T ≈ 3 ×  10  − 2     eV).



The kinetics of   c i s → t r a n s   transitions is not taken into account directly in the model—after the photoisomerization transitions the molecules return to their   t r a n s   states.



For a system consisting of   N 0   monomers, a sweep consisting of   N 0   trial movements, including both thermal and non-thermal ones, corresponds to one MCS, which represents a unit of MC “time” t. To avoid correlations, the monomers were selected randomly.





2.4. Characterization of Physical Effects: Parameters


2.4.1. Diffraction Efficiency


Diffraction efficiency   η s   is proportional to    ( Δ n )  2  , see Equation (22). Parameter   Δ n   is proportional to  Δ , which is given by the formula [144,145]


  Δ =  N  t r a n s    (  x  m a x   )   ( 1 + 2  〈  P 2  〉   (  x  m a x   )  )  −  N  t r a n s    (  x  m i n   )   ( 1 + 2  〈  P 2  〉   (  x  m i n   )  )  .  



(32)







  N  t r a n s    denotes the concentration of trans molecules at x and    〈  P 2  〉   ( x )    is the local orientation parameter   P 2   (second rank Legendre polynomial) averaged over   y , z   directions. Both parameters are calculated from Monte Carlo simulations.   x  m i n    and   x  m a x    denote local positions corresponding to minimal and maximal values of light intensity, respectively.




2.4.2. SHG Efficiency


The quality of polar order in a system of quasi 1D charge transfer (CT) chromophores in thin films of polymer matrix determines the efficiency of the second harmonic generation (SHG). Experimentally, it is created using electric field corona poling, photo-assisted electric field poling or all optical poling [162] techniques. For such systems the second order non-linear optical (NLO) susceptibility is characterized by two tensor components (for details see e.g., Ref. [165]): the diagonal one


   χ  Z Z Z   ( 2 )    ( − 2 ω ; ω , ω )  = N F  β  z z z    ( − 2 ω ; ω , ω )   〈  cos 3  θ 〉  ,  



(33)




and the off diagonal one


   χ  X X Z   ( 2 )    ( − 2 ω ; ω , ω )  =  1 2  N F  β  z z z    ( − 2 ω ; ω , ω )   〈  sin 2  θ  cos θ 〉  ,  



(34)




where Z denotes the poling field direction (perpendicular to the thin film surface) and X is perpendicular to it.  θ  denotes an angle which the molecular axis z makes with Z direction, N denotes the number density of the chromophores (dipoles),   β  z z z   —molecular first hyperpolarizability of CT chromophores and F—the local field factor. The brackets   〈 … 〉   in Equations (33) and (34) denote an average over the orientations of all chromophores. MC dynamics of the build-up of non-linear susceptibility is monitored using load parameter


  L = N <  cos 3  θ > ,  



(35)




which is proportional to   χ  Z Z Z   ( 2 )   . The average   <  cos 3  θ >   plays the role of polar order parameter.




2.4.3. Displacement Complex Dynamics


The dynamics of single polymer chains is characterized using the displacement of their center of mass (CM). To this end, the vector     r →  1  ( C M )    ( t )    of CM of a single chain is calculated after each MC step. Important parameter is the square of the displacement of CM from the initial position at   t = 0  :     Δ   r →  1  ( C M )    2   ( t )  =     r →  1  ( C M )    ( t )  −   r →  1  ( C M )    ( 0 )   2   . To improve the statistics of the data, the simulations were repeated for a statistical ensemble of    N 0  =  10 3    independent chains, and single squared displacements     Δ   r →  i  ( C M )    2   ( t )  ,   ( i = 1 , … ,  N 0  )    were averaged over this ensemble to obtain the squared displacement     Δ   r →   ( C M )    2   ( t )    of CM:


    Δ   r →   ( C M )    2   ( t )  =  1  N 0    ∑  i = 1   N 0     Δ   r →  i  ( C M )    2   ( t )  .  



(36)







This parameter characterizes the random walk of CM of a single chain. A similar procedure was used for the polymer matrix; the averaging was done over all the chains in the matrix.



The exponent  γ  in the power law


    Δ   r →   ( C M )    2   ( t )  ∝  t γ   



(37)




classifies three types of complex dynamics: subdiffusion (  γ < 1  ), normal diffusion (  γ = 1  ) and superdiffusion (  γ > 1  ).






3. Results


3.1. Polymer Chain Motion in Orientation Approach


The theoretical approaches, presented in Section 2.1, which use either angular-dependent kinetics of photoisomerization or the effective orientation potential, were successfully applied to describe the photo-deformation and ordering in azobenzene-containing polymers of various structures, including amorphous polymers [114,117,130,131], crosslinked isotropic polymer networks [132,133] and anisotropic azobenzene-containing liquid crystalline (LC) polymer networks [118,134,135,136,137,138]. The proposed theories can explain various experimental results for broad classes of azobenzene-containing polymers, as summarized briefly below.



As it was discussed in Section 2.1.3, the orientation potential provides the mechanical stress of the magnitude 100 MPa—4 GPa at conventional light intensity   I ∼ 100    mW / cm  2   , the stress being enough to deform irreversibly azobenzene polymers, which are deep in a glassy state [111,112,113,114,117,130,131]. Depending on the orientation distribution of azobenzene moieties inside polymer chains, preferably perpendicular or along the backbones of polymer chains, azo-polymers demonstrate either expansion or contraction along the polarization vector of the light [132,133,166,167]. Theoretically predicted dependence of the light-induced deformation of azobenzene-containing polymer networks on the degree of cross-linking as well as on the concentration of azobenzene chromophores [132,133] agrees well with experiments devoted to light-induced deformation [168]. Orientation interactions between the rod-like chromophores in trans-state and included LC mesogenic fragments result in additional orientation ordering in the plane perpendicular to the polarization vector of the light leading to the biaxial ordering and deformation of azobenzene containing LC polymers [134,135,169,170,171]. The last result is confirmed also by computer simulations [172].




3.2. Complex Structure of Local Free Volume in Polymer Matrix


The distribution in space of local free volume, characterized by local void parameter V, displays complex fractal-like structure [157] and leads to a quasi binary physical picture of the structure of an instantaneous configuration: about half of cells are blocked by monomers, while approximately one third of them have their neighbourhood nearly free of monomers. Cells with   V = 6   form scale-free clusters with fractal dimension dependent on the size of the cluster. Locally, they are characterized by exponentially decaying self correlation functions. In what follows we present the main results of Ref. [157].



3.2.1. Mosaic-Like States: Maps of   V (  r →  )   and Correlations


Figure 6a shows a map   V (  r →  )   calculated on the basis of an instantaneous 2D section of 3D system. It displays a complex mosaic of red (  V = 0  ), green (  V = 5 , 6  ) and white cells (  V = 7  ) cells. They display a tendency for clustering; red clusters are usually bigger and separated from white ones.



The probability distribution   ρ ( V )   of random variable V, represented by a normalized empirical histogram and shown in Figure 6b, displays a quasi two-peak structure. One peak corresponds to   V = 0   (low degree of local free volume), the other—to a group consisting of   V = 5 , 6 , 7   (high degree of local free volume). Blocked cells (  V = 0  ) constitute approximately   40 %   of the system; cells with high degree of local free volume (  V = 5 , 6 , 7  )—correspondingly   21 % , 22 %   and   7 %  .



The distribution in space of cells with various values of V is not random. This fact was verified by calculating the probability for finding k cells with fixed value of V in a cube consisting of n cells, given the probability p that a single cell has free volume V, and comparing the results with Bernoulli distribution [173]   B  ( n , k , p )  =   n !   ( n − k ) ! k !    p k    ( 1 − p )   n − k    , which corresponds to random (uniform) spatial distribution of cells. Theoretical and experimental (simulations) distributions were clearly distinct. This result implies an existence of spatial correlations in the distribution of cells.



The spatial correlations between cells with given value of local free volume V were studied using a generalization of pair correlation functions from the theory of liquids [174]. Namely, the correlation function    g 2   ( r ,  V 1  ,  V 2  )    is the conditional probability to find a cell with   V =  V 1    at distance r from a cell with   V =  V 2   .



Of special interest are self-correlation functions    g 2   ( r , V , V )   . Two different types of self-correlations are present in the system. In the case of   V = 0   and   V = 4  , the self-correlation functions display an oscillatory character, typical for simple dense liquids, see Figure 7a. The second type of self-correlations is typical for cells with a large amount of free volume (  V = 6   and   V = 7  ) and is characterized by an exponential decay


   g 2   ( r )  = A  e  − r /  r 0    + c o n s t ,  



(38)




with superimposed oscillations (Figure 7b). Parameter   r 0   reads   0.79   for   V = 6   and   0.45   for   V = 7  ; the correlation functions become constant at distances    r s  ≈   2.5–3. Those results can be interpreted in the following way: a sphere with diameter (in lattice units)


  D = 2  r s  ≈  ( 5 – 6 )   



(39)




has few (if any) monomers inside it. The relation of parameter D to distances in a real system (polymethylacrylate) was roughly estimated in a similar way as in Section 2.3.3, leading to


  D = ( 6 – 9 ) nm  



(40)








3.2.2. Clusters: Configurations, Distribution, Fractal Features


Self-correlation functions indicate that some kind of clustering of cells with   V = 6   and   V = 7   is present in the system. By the definition, a cluster is a set of such cells that each of them is a nearest neighbour of at least one element of the set. Snapshots of configurations of chosen clusters are shown in Figure 8. The clusters of cells with   V = 6  , in what follows referred to as 6-clusters, are very different from other types of clusters. First of all, they are much larger—the largest of them contain approximately of   10 4   cells; the largest linear size of 6-clusters was approximately one half of the simulation box. The cluster shown in Figure 8a consists of 7614 cells and displays a complex spatial organization of the cells. Figure 8b shows a different large-scale (simulation box) organization of the largest 6-clusters (green, a few thousand cells) and 5-clusters (red, approximately 200 cells)—rather unexpected result, because the concentrations of cells with   V = 5   and   V = 6   are approximately equal (Figure 6). At the same time, the correlation functions for both types of local free volume are qualitatively different.



The clusters vary in size. Figure 9a shows the double logarithmic plot of probability distribution    p 6   ( s )    and    p 7   ( s )    of number of cells (sizes) s in 6- and 7-clusters, respectively. For comparison, a distribution for a reference system which consists of randomly distributed cells with concentration   20 %  , is also plotted. Clearly, the sizes of 6- and 7-clusters are distributed in a different way than the sizes of random clusters. The empirical distributions    p V   ( s )    were fitted with the function well-known from percolation theory [175]:


  p  ( s )  =  s  − θ   ·  a s  .  



(41)







The distribution of 6-clusters (green circles) displays a surprising feature—the double logarithmic plot is linear, indicating a presence of a power law:


   p 6   ( s )  ∝  s  − θ   ,  



(42)




with   θ = 2.14  . To conclude, the clusters of nearly free cells (  V = 6  ) are scale-free—this property is characteristic for complex systems and is often accompanied by some kind of fractal organization. Figure 9b shows the double logarithmic plot of the number of cells   n ( r )   which are at distance r from the center of a 6-cluster for two large clusters. The plots have a form of power law:


  n  ( r )  ∼  r  α F   ,  



(43)




where   α F   stands for the fractal dimension. Exponent   α F   depends on the size of a 6-cluster—available simulation data suggest a linear dependence (see inset in Figure 9b):


   α F   ( s )  = − 1.52 ×  10  − 4   s + 3.38 .  



(44)







The largest clusters have fractal dimension lower than the fractal dimension    α P  = 2  , characteristic for clusters consisting of cells randomly distributed in three dimensions, below the percolation threshold [175]. For example    α F  = 1.83   for 6-cluster with 10,308 cells. Equation (44) predicts that    α F  =  α P    for   s ≈ 9 ×  10 3   . Smaller clusters have larger fractal dimension—a 6-cluster with 4461 cells is characterized by exponent    α F  = 2.74  , close to non-fractal limit    α F  = 3  . The latter, according to Equation (44), corresponds to 6-clusters with around 2500 cells



The results presented in this section remain valid in a wide temperature interval around glass transition temperature.





3.3. Inscription of Surface Relief Grating


Surface Relief Grating (SRG) [176,177] is a periodic surface corrugation pattern generated at temperatures well below   T g   in thin films of azobenzene functionalized polymers, using DTWM method [162]. Photoinduced mass transport has its origin in the dynamics of polymer chains, which results from light-promoted   t r a n s ↔ c i s   photoisomerization cycles of azobenzene dyes attached to the chains. The quantification of this hypothesis constitutes a challenge. An impressive number of theoretical and numerical approaches was used to study this topic, including mean-field approach [87], pressure gradient scenario [84,178], photoexpansion and photocontraction effects [179], viscoelastic flow [180], inchworm–like motion [86], gradient force models [85,181], Navier–Stokes dynamics [182,183], random–walk approaches [91], stochastic models [92,124,125], light-induced softening [85,95], atomistic molecular dynamics simulations [184], orientational approach [102,114] and others, see review papers [95,185] and Ref. [162].



A simple stochastic model of photoinduced mass transport was formulated in Ref. [154], using generalized BFM model. It treats both components—azo-dyes and the matrix—on the same footing, as parts of a host-guest system. The model demonstrated the photoinduced mass transport from bright to dark places of the illumination pattern and predicted experimentally confirmed presence of fine structure of SRG. The details are as follows.



The generalized MC BFM model was introduced in Section 2.3.5. The dependence on angle  θ , Equation (25), was simplified by excluding from the photoisomerization transition only those azo-dyes which were nearly perpendicular to the vector of polarization of light. As a result, the model is weakly dependent on light polarization and corresponds rather to Polarization Independent Model than to Full Polarization Model, introduced in 2D case, see Equation (31). The length of a typical run was   10 5   MCS.



Two processes are responsible for the inscription of SRG. The primary process, due to the photo-driven chain mobility resulting from spatially modulated light intensity   I ( x )  , is responsible for the build-up of density grating, without surface corrugation. The corresponding monomer density profile   ρ ( x )   at the end of the simulation is shown in Figure 10a. Initially, the system was homogeneous:   ρ ( x ) = 0.48  . The effect of photoinduced mass transport is evident: the density decreases in strongly illuminated regions and increases in weakly illuminated ones. Close to the minimum of light illumination an overall sinusoidal density   ρ ( x )   displays an additional two-peak structure. This effect is general, but its magnitude can depend on the parameters of the polymer as well as on the polarization setup [186]; in particular, it can be negligibly small. The directed movement of the chains is characterized by an averaged over chains component   v x   of the velocity vector   v →   of centers of mass (CM) of the chains. Figure 10b shows the plot of    v x   ( x )    in the dominant period of the process of build-up of the density grating. It turns out that


   v x  ∝ − ∇ I ,  



(45)




which reproduces a phenomenological relation postulated in macroscopic theories [84,85,178,181].



The secondary process creates the surface corrugation which depends on the mechanical stability of the surface. In MC model the stabilizing surface forces are modeled through non-thermal trial movements in the direction towards the bulk, applied to the monomers close to the surfaces [187]. The amplitude of the surface force determines the time delay between build-up of the density grating and of SRG grating, giving rise to various dynamical scenarios. In particular, when this force is weak, primary and secondary processes occur nearly simultaneously; as the result, the SRG profile is non-sinusoidal, without valleys at the top (Figure 11). This prediction is confirmed by the experimental results of SRG in azo-functionalized poly(esterimide) [188]. On the contrary, when the stabilizing forces are strong, both processes are separated in time and the build-up of the SRG takes place upon a well-developed density profile   ρ ( x )  , resulting in a nearly sinusoidal surface profile with a minor double-peak structure. In the model the two-peak structure is a transient effect, while in real experiments structure with double peak can be observed as a quasi-permanent or transient effect, depending on the magnitude of the time scales [188,189].




3.4. Complex Dynamics of Photoinduced Mass Transport in 3D and 2D


Although the model of the inscription of SRG discussed briefly in previous section demonstrated the directed photoinduced mass transport, it did not characterize typical motion of polymer chains. This missing information is essential for a deeper understanding of this process, as well as for its theoretical modeling. To gain some intuition concerning this topic, the MC dynamics of centers of mass of chains, represented by squared displacement    ( Δ r )  2   (Section 2.4.3) was studied in 2D [164] and 3D [163] systems. It is well-known that the dynamics of a polymer chains varies with the time interval [4]. Since the process of the inscription of SRG requires approximately   10 4   MCS, this MC interval was used in the simulations. 3D model uses the simplified version of transition probability   p T   discussed in previous section.



3.4.1. 3D


Figure 12a shows the plot of exponent  γ  (Equation (37)) calculated from double-logarithmic plots of     ( Δ r )  2   ( t )    (inset) for the polymer matrix used for SRG inscription. This time, however, the intensity of light was constant:   I  ( x )  =  I 0   . As expected [4], a purely polymeric system in the darkness displays a sub-diffusive behavior:   γ ≃ 0.61  . As the intensity   I 0   increases, a crossover from sub-diffusion (  γ < 1  ) through normal diffusion (  γ = 1  ) to super-diffusion (  γ > 1  ) is observed. The typical trajectories of CM, which correspond to sub-diffusive and super-diffusive dynamics, are shown in Figure 12b—the former is strongly localized, while the latter displays both localized and ballistic-like character.



Those results put forward a physical picture of the dynamics of SRG as corresponding to a dynamical coexistence of all three regimes of diffusion.



The dynamics of the chains in the bulk is determined by two factors: “self” dynamics of free chains and steric hindrances. Thus, it is imperative to analyze the motion of single chains. Plot of exponent  γ  as function of   I 0   (Figure 12a) for a single chain (in an empty box) at constant illumination resembles qualitatively the plot for its bulk counterpart. However, the threshold intensity separating the sub-diffusive and super-diffusive dynamics, is lower. Exponent  γ  is larger for single chains than for the bulk system—it is the effect of steric hindrances.



The dynamics of chains at constant illumination is isotropic—the directed mass transport is absent. The essential features of the dynamics of an azo-polymer chain in inhomogeneous optical field were studied in the case of constant gradient of light intensity along the x-axis:


  I  ( x )  =  I 0  − ∇ I   ( x −  x 0  )  ,  



(46)




where   x 0   denotes center of lattice in the x direction and    I 0  = I  (  x 0  )    is the intensity offset (Figure 13a). The linear inhomogeneity is the origin of the photo-driven mass transport, illustrated in Figure 13b,c which display the   x − y   projections of CM of   10 3   independent polymer chains (initially at the center of the simulation cell) at the end of the simulation.



The dynamics in parallel direction x and in transverse directions   y , z  , is characterized, by analogy with Equation (37), in terms of exponents    γ x  ,  γ y    and   γ z  :


    ( Δ x )  2   ( t )  ∝  t  γ x   ,    ( Δ y )  2   ( t )  ∝  t  γ y   ,    ( Δ z )  2   ( t )  ∝  t  γ z   .  



(47)







Figure 14 shows the plots of exponents   γ x   (black circles) and   γ  y , z    (red squares) in function of intensity offset   I 0   (a) and of the gradient of intensity   ∇ I  . In both cases the parallel motion of CM is super-diffusive. Rather unexpectedly, exponent   γ x   depends linearly on the parameters—the origin of this effect remains unclear. The transverse exponents are approximately equal,    γ x  ≠  γ y  ≈  γ z   , and correspond to super-diffusion for    I 0  > 0.1  .



The dynamics of a chain depends on its length (number of monomers N). Figure 15 shows the plots of    γ x   ( N )    for three cases: systems without illumination, with constant illumination and with both constant (offset) illumination and gradient. In the first case a sub-diffusive dynamics is present; moreover,   γ x   decreases as N increases. The plot was fitted with square-root-law    γ x  ∝  N  − 1 / 2     which, interestingly, corresponds to Zimm model [4] with hydrodynamic interactions. On the contrary, in both cases with light illumination the exponent   γ x   becomes an increasing function of N. In particular, when the gradient term is present, long chains display a nearly ballistic motion. Those results indicate that collective correlations are present in the system—further studies are necessary to characterize their origin.




3.4.2. 2D


Two-dimensional azo-polymer system makes possible a systematic study of the influence of light polarization on photoinduced dynamics—the topic which is technically much more demanding in three dimensions. Two limiting models of single-chain light-driven dynamics were studied in Ref. [164]: polarization-independent (PI) model and full-polarization model (FP model), see Section 2.3.4. The BFM chain and the attached azo-dye molecules lie in   x − y   plane while the light, linearly polarized in the same plane, propagates along z direction. Vector of light polarization makes an angle  Θ  with x direction, see Figure 16.



The two models display very different types of light-driven dynamics. For constant illumination,   I  ( x )  =  I 0   , the PI model undergoes standard diffusion (  γ = 1  ) for   0 <  I 0  < 1  , while the FP model displays strongly developed super-diffusive dynamics (  γ ≈ 1.8  ) for    I 0  > 0.2  , see Figure 17. The effect of inhomogeneous light illumination is rather unexpected—namely, the plot of exponent   γ (  I 0  )   for FP model practically coincides with its counterpart for constant illumination. On the contrary, the PI model becomes moderately super-diffusive.



Mass transport becomes strongly dependent on the polarization in the case of inhomogeneous light illumination. Figure 18 shows the final positions of CM of the chains after   10 4   MCS, as well as the average position of the CM for both models. In FP model the chains escape from their starting position and give rise to two mass currents, which move along and against the light intensity gradient. As the result, the center of the simulation cell is nearly free of the chains (Figure 18a). More importantly, an overall directed mass transport is absent—the average CM stays close to its initial position (Figure 18b). The flow of CM of chains in PI model is much more limited and, in particular, there is no empty space in the middle of the distribution of CM (Figure 18c). Contrary to the FP model case, directed photoinduced mass transport is present (Figure 18d). For longer time interval this effect becomes more pronounced.



The results presented above lead to an interesting hypothesis, which states that the origin of super-diffusive dynamics is promoted by breaking a specific symmetry present in the PI model. Namely, all the azo-dyes interact in the same way with linearly polarized light, independently on their actual localization along the chain, promoting normal diffusion. The FP model fully breaks this symmetry, leading to super-diffusion. Thus, hypothetically, a weak breaking of this symmetry brings about weak super-diffusion.



To summarize, the scheme of coupling of light polarization to azo-dye molecules plays central role in modeling, and can lead to very different dynamical regimes of photoinduced mass transport.





3.5. Inscription of Diffraction Gratings in Polymers and Bio-Polymers


3.5.1. Polymers with Embedded Azo-Dye Molecules


The diffraction efficiency of diffraction gratings inscribed in DTWM experiment depends on temperature, type of polymer matrix and of embedded guest molecules. Their impact on the dynamics of inscription and erasure of diffraction gratings was studied for a simplified case, namely for a two-dimensional polymer matrix at temperatures below (  T = 0.1  ), close to (  T = 0.3  ) and above (  T = 0.8  ) the glass transition temperature [145]. The azo-dye molecules, located at the nodes of the 2D lattice, could reorient in 3D. A few types of kinetics of inscription and erasure were found, depending on temperature and parameters of the model:    p  T C   , R   and   p  d i f f   . One of them is shown in Figure 19; the inscription phase ended after 2000 MCS and the erasure took place in the darkness (  I = 0  ). The diffraction efficiency weakly depends on the temperature in the inscription phase. On the contrary, the low-temperature grating is much more stable than high-temperature gratings in the erasure phase. For larger values of parameter   p  T C    the grating inscribed at low temperatures is still more stable, but its diffraction efficiency is lower than that of high-temperature gratings [145].



MC modeling offers some insight into “microscopic” processes leading to photo-orientation of azo-dye molecules promoted by various photo-selection rules, in particular those corresponding to one-photon (OPA) and two-photon (TPA) absorptions, see Section 2.3.4. This topic was studied in Ref. [161] using the gauge    k  T C   ( 2 )   =  k  T C    . Figure 20 shows the kinetics of local order parameter    P 2   ( x )    in both cases, driven by modulated light intensity and close to the glass transition temperature. Azo-dye molecules were embedded in a 3D standard polymer matrix. The profiles of order parameter are different in both cases, reflecting the differences between photo-selection rules, Equations (25) and (28): I vs.   I 2   and    cos 2  θ   vs.    cos 4  θ  . Discussion of the kinetics of concentration of trans molecules and of the distribution of the orientations of their long axes can be found in Ref. [145].




3.5.2. Bio-Polymers: Semi-Intercalation Scenario


Experimental study of grating recording in deoxyribonucleic (DNA)-based polymers [190] showed strong differences in comparison with grating inscription in traditional host-guest systems like, e.g., PVK, PS, PMMA, Ormosil or nematic liquid crystal. First of all, the inscription under   s − s   polarization conditions in DNA-CTMA loaded with DR1 guest molecules was at least one order of magnitude faster then for other matrices. On the other hand, the diffraction efficiency was noticeably lower. The grating inscription followed, rather surprisingly, a single-exponential kinetics with the grating build-up time weakly dependent on the wavelength.



Monte-Carlo BFM modeling of those effects [155] was based on semi-intercalation scenario formulated theoretically [191,192] and experimentally [193] as a complementary mechanism to full intercalation [194] and guest-host scenario [126]. Some arguments against the full intercalation hypothesis were raised in Ref. [195]. In semi-intercalation scenario the dye can undergo photo-isomerization cycles, but the memory about the initial trans orientation (i.e., before   t r a n  s-  c i s   transition) is preserved. In full intercalation scenario the photo-isomerization is mechanically blocked, while in host-guest systems this memory is fully or partially lost. The scheme of semi-intercalation is shown in Figure 21.



A simplified Monte Carlo modeling did not account for the direct influence of the dynamics of the matrix on the azo-dyes. As the result, the model corresponds to a system of free azo-dyes with full memory about their initial trans orientations, with the transition rates dependent on the value of local void parameter V. The simulations were done for   R = 0.3   (Equation (27))—the value estimated on the basis of experimental data [155] for the range of those wavelengths (  460  nm < λ < 540  nm  ) where a weak dependence of build-up time was found experimentally. Since build-up times in semi-intercalation model depend only on the value of parameter R, the corresponding weak dependence was reproduced by MC simulations. Experimental data for scaled diffraction efficiency as well as the results of Monte Carlo modeling of diffraction efficiency   η =  Δ 2    are presented in Figure 22. For comparison, MC results for host-guest system are included.



The build-up time in semi-intercalation model is much smaller than in the case of guest molecules dispersed in host matrix. On the other hand, the diffraction efficiency in the former case is much smaller than in the latter. Thus, MC modeling, having reproduced the main experimental results, offers a strong support for semi-intercalation scenario. The results indicate that biopolymeric matrices are characterized by low values of parameter R (e.g.,   R = 0.3  ), while traditional matrices—by larger values, e.g.,   R = 5   for polystyrene. This conclusion illustrates the effect (for a given guest molecule), namely the dependence of R on the matrix in which the guest molecule is dispersed.





3.6. SHG in Poled Polymers: Pre-Poling History Paradigm


Dipolar molecules poled with an external electric field break the centrosymmetry; the load parameter   L = N <  cos 3  θ >   is directly related to SHG signal, see Equation (35). This formula predicts a linear dependence of  L  on number density N. Deviations from such dependence are well known [196,197]—saturation or a maximum of SHG susceptibility in function of N is observed in guest-host [198,199,200,201] chromophore—polymer systems. Various competing mechanisms, more or less pronounced in specific systems, are responsible for the departure from the linear dependence [202]. In particular, the fall-off of SHG susceptibility is ascribed to a hypothetical mechanism responsible for the aggregation of dipoles. Antiparallel pairs decrease the degree of acentric order (see Refs. [203,204] and references cited therein). Statistical mechanics and MC approaches to the problem were originated by seminal papers [205,206], and were followed by lattice [207] and off–lattice [208,209] MC simulations, Molecular Dynamics simulations [210,211], density functional theories [212], mean field theories [213,214], fully atomistic modeling [215,216,217], extended dipole models [218], or inclusion of matrix into MC simulations [219]. Those studies have formulated a few physical pictures of the poling dynamics, giving rise to various paradigms [203,204].



Another paradigm, originally formulated in Ref. [204], which ties in the maximum on the poling curve with the pre-poling history of the probe, was studied using generalized MC BFM model [156]. It was found that the physical processes in the pre-poling phase promote stretched–exponential build–up of polar phase. For this case low SHG signal and a maximum of   χ  Z Z Z   ( 2 )    as function of number density N of dipoles were observed. On the contrary, the build–up of polar phase in freshly prepared films occurs quickly, is characterized by other type of non–exponential relaxation, yields larger amplitude of SHG susceptibility and displays a saturation instead of a maximum of   χ  Z Z Z   ( 2 )   . The origin of different kinetics is ascribed to a kind of spatial entanglement in the pre-poling interval of string-like structures containing dipoles in head–to–tail order. The details are as follows.



An off-lattice system consisting of point dipoles was embedded in a standard 3D polymer matrix, close to   T g  . The potential energy included point dipole–dipole interaction, interaction of dipoles with poling field and repulsive soft–sphere interaction:


  U =  ∑  i ≠ j    1  4  π   ϵ 0  ϵ    1  r  i j  3      μ →  i  ·   μ →  j  − 3  (   μ →  i  ·   r ^   i j   )   (   μ →  j  ·   r ^   i j   )   −  ∑ i   E →  ·   μ →  i  +  ϵ  L J    ∑  i ≠ j      σ  r  i j     12  ,  



(48)




where   E →   denotes electric poling field,    μ →  i  —i-th dipole moment,   r  i j    and    r ^   i j   —distance and unit vector between dipoles i and j, respectively.  ϵ  is the dielectric constant of the host, and  σ  denotes the characteristic scale for soft-sphere interactions. The following values of parameters were used:   μ = 26   D,   σ = 7   Å,    ϵ  L J   /  (  k B   T )  = 0.1  ,   ϵ = 4  ,   E = 150   V/ μ m,   T = 350   K. In the case of soft core and electrostatic interactions the cutoff was equal 5 nm. The reaction field method was also tested. Each dipole made a trial move, translational or orientational. The move was successful when it was accepted by Metropolis acceptance rule and was allowed by steric restrictions. In the initial configuration the orientations of the dipoles were random.



Of main interest was the MC kinetics of SHG susceptibility    χ  Z Z Z   ( 2 )   ∝ L  . Two cases were studied. In the first one (pre-poling scenario) the first   10 5   MCS constituted the pre-poling phase, with electric field switched off; the poling started after this period. In the second case the poling electric field was turned on from the very beginning.



Figure 23a shows the plots of the load parameter   N  <  cos 3  θ >   as a function of number density N. The presented results speak in favor of the pre-poling history paradigm. Namely, the system with pre-poling history leads to a maximum on poling curve approximately at number density    N m  = 1.7 ×  10 20   /cc. On the contrary, in the case of an immediate poling a saturation takes place. The MC kinetics of acentric order parameter   A = <  cos 3  θ >   is different in both cases, see Figure 23b. The system with pre-poling history remains globally isotropic (  A = 0  ) in pre-poling period; afterwards, parameter A smoothly grows up, reaching finally the saturation value    A s  ≈ 0.15  . The kinetics of build–up of polar phase follows the stretched–exponential law


  <  cos 3  θ >  ( t )  ∝ exp  ( −   ( t / τ )  α  )  ,  



(49)




with   α ≃ 0.5  . In the case of an immediate poling the initial rapid increase of A stops rather abruptly after   4 ×  10 4    MCS, with    A s  ≈ 0.45  , three times higher than in the pre-poling scenario. The simulation data in a short initial time interval cannot be modeled using stretched–exponential fit.



The maximal amplitude of SHG susceptibility, proportional to   L (  N m  )  , is larger in the case of immediate poling, indicating that in the pre-poling phase the dipolar component develops some kind of orientational correlations which have an impact on the poling process. Figure 24 shows chosen configurations of dipoles. In the case of direct poling the initial isotropic configuration gives rise to, after   8 ×  10 5    MCS, a partially ordered system of dipolar strings with a preferential order along the direction of the poling field (z-axis) with a dominant head-to-tail dipolar organization. Such a configuration contributes in a coherent way to acentric order parameter   <  cos 3  θ >  . The dynamics in the case of pre-poling scenario is different. At the end of pre-poling phase a complex spatial organization of dipolar strings is present, which displays no traces of polar order:   A = 0  . The final configuration is clearly different than in the previous case. The dipolar strings perpendicular to the poling directions, which have their origin in the configuration at the end of pre-poling phase, do not contribute to the acentric order parameter, leading to lower values of SHG susceptibilities.



Crude estimations lead to the conclusion that important reorganization of dipolar structure close to the glass transition temperature can take place within a few minutes [156].




3.7. All Optical Poling


In all-optical poling experimental technique two linearly polarized light beams with frequencies  ω  and   2 ω   interact with embedded azo-dye molecules and promote polar order [162], necessary for SHG effect (Section 2.4.2).



A modified MC BFM model was used to study the influence of glass transition onto kinetics of guest molecules in all-optical poling and, in particular, to characterize the “transfer” of complexity from the matrix onto the guest molecules [150]. The main conclusion is that the dynamics of azo molecules close to   T g   is complex: it exhibits power-laws and a non-exponential relaxation. The details are as follows.



Noninteracting photoswitchable model azo-dye molecules were dispersed in BFM matrix. Their concentration was low and, correspondingly, their impact on the dynamics of the matrix was neglected. The temperature of glass transition   T g   was estimated as   0.23 <  T g  < 0.26  . The transition rate    p T   ( θ )    is given by Equation (29). Here,  θ  denotes an angle which the long axis of trans molecule makes with the vector of linearly polarized light beams.



The distribution of orientations of trans molecules is characterized by time-dependent probability density   ρ ( θ , t )  . The interpretation of the data becomes more clear for polar plots of function   ρ ( θ , t ) / sin θ  . Initially, the distribution of the orientations is isotropic (black circle, Figure 25a). In the process of poling the concentration of molecules with   θ =  180 ∘    increases at the cost of the decrease of the concentration of those with   θ =  0 ∘    (angular hole burning (AHB) effect), promoting polar order (dashed red line). This effect is quantified using normalized function    N  0 − 20    ( t )  /  N  m a x    , where    N  0 − 20    ( t )    denotes the number of molecules in trans state with    0 ∘  ≤ θ ≤  20 ∘    and   N  m a x    is a constant. Double logarithmic plot of    N  0 − 20    ( t )  /  N  m a x    , shown in Figure 25b, is linear for   T = 0.25  , corresponding to power law


   N  0 − 20    ( t )  ∼  t α  ,   α ≈ 0.3 .  



(50)







For temperatures slightly lower (  T = 0.2  ) and higher (  T = 0.4  ) power law is no more valid. The magnitude of AHB effect depends on the temperature; it is the strongest in the temperature interval   0.275 < T < 0.3  , see the inset in Figure 25b, which shows the temperature-dependence of parameter    N  0 − 20    ( t )  /  N  m a x     for   t = 2 ×  10 5    MCS (end of simulation).



Nonlinear SHG susceptibilities are directly proportional to accentric order parameter   〈  cos 3  θ 〉   (Equations (33) and (34)), because the number density N of azo-dyes in trans state was practically constant in the process. This order parameter can be calculated directly from MC simulations or using probability density   ρ ( θ , t )  . An exemplary plot of its time-dependence is shown in Figure 26a. It was found that stretched exponential fit represents, in contrast to other fits used, a statistical model in a wide interval of temperatures below and above glass transition temperature:


   〈  cos 3  θ 〉   ( t )  = A  1 −  e  −   ( t / τ )  d     .  



(51)







Parameters of the fit, exponent d and characteristic time  τ , depend on the temperature, see Figure 26b. Characteristic time displays the slowing-down effect with maximum around   T = 0.25  . Exponent d has values well below   d = 1  , which corresponds to one-exponential kinetic; its minimum (  d ≈ 0.55  ) is located around   T = 0.22  .



Those results represent the effect of “transfer” of complex behaviour from polymer matrix onto guest molecules, most evident in close vicinity of the glass temperature. A detailed discussion of this effect, as well as its relation to the dynamics of mosaic-like states, can be found in the original paper [150].




3.8. Photomechanical Effect in Polymeric Fibers


The BFM model of host-guest systems is open to generalizations. In this section we modify it [153] to support the qualitative hypothesis [220] of the cooperative release of stress in dye-doped polymer optical fibers, directly related to the photomechanical effect.



The photomechanical effect in dye-doped polymer optical fibers was studied using experimental, theoretical and numerical approaches [80,81,221]. Nevertheless, its microscopic origin still remains unclear. A simple but sound model for an optically activated cantilever, which accounts for photothermal and photo-reorientation mechanisms [220], is based on the following hypothesis. The type of the dynamics of the photoswitchable molecules, promoted by photodriven trans-cis-trans isomerization cycles, depends on local characteristics of the polymer matrix, like size, shape, spatial distribution and elastic properties [222] of the voids. Those factors determine the ability of azo-dye molecules to change their orientation in the space. The interactions between the matrix and the dyes lead to strains and stresses which can, hypothetically, relax in a cooperative way, resulting in a cooperative configuration of some amount of the dyes oriented perpendicularly to the direction of the polarization of the light. Authors speculate that this effect promotes an elongation of the polymer matrix along the direction perpendicular to the vector of light polarization [220]. Similar scenario was observed in orientational approach [102,114], which predicts contraction along the polarization direction and the elongation in perpendicular direction.



The goal of the generalized BFM model [153] was to provide arguments in favour of this hypothesis. The 2D section of the model with free boundaries is shown in Figure 27a. Light, linearly polarized along z axis, propagates along x axis. The monomer-free areas schematically represent large voids (  V > 5  ) with dyes in trans state, oriented along x axis. Locally ordered dyes sustain pressure on the polymer matrix [220], and push the monomers in a close neighborhood of the void away from their positions, as shown in the figure. This effect is modeled in the following kinetic way. If the monomer is located no more than three lattice sides to the left (right) of the free volume then it performs the trial movement to the left (right), see Figure 27b.



Macroscopic deformation of the host-guest system is the net result of the stress-driven dynamics of monomers close to voids with   V > 5  . It is characterized by the distance   Δ x  —the displacement of the free surfaces, see Figure 27. We point out that in real systems free surfaces occur because of the surface tension, which is absent in BFM model. In the simulations the surface was stabilized by the surface-tension like force [187], see Section 3.3.



Figure 28a shows the plot of the elongation   Δ x   of the system in the presence of periodically modulated light intensity (on and off phases). In the bright phase (light on) the system expands, while in the dark period (light off) the dyes in trans state undergo rotational diffusion, thus removing the source of stress acting on neighbouring monomers. As the result, the system shrinks. To summarize, the model supports the hypothesis formulated in Ref. [220] and constitutes a reliable starting point for more detailed studies of photomechanical effects.




3.9. Continuous Time Random Walk and Toy Model of SRG Inscription


Monte Carlo study of the dynamics of an azo-dye system under modulated light illumination has established the physical picture of the chain dynamics which accompanies the process of SRG inscription as corresponding to a subtle dynamical coexistence of sub-diffusion, normal diffusion and super-diffusion in separate parts of the system. The driving parameter is a local value of light illumination, see Section 3.4 and Ref. [163].



This scenario offers the possibility of a simple (“toy”) modeling of this process, based on mathematical formalism of Continuous Time Random Walk (CTRW) [223], which constitutes a generalization of a standard diffusion model. Two parameters are introduced which control the jumps in space and in time. The former is distributed according to Levy  α -stable distribution. The waiting times between the jumps are distributed according to one parameter ( β ) Mittag-Leffler distribution. The squared displacement displays power-law behaviour [223]:


    ( Δ r )  2   ( t )  ∝  t  − δ   ,  δ =   2 β  α  .  



(52)







The toy model [163] of an azo-polymer system in the presence of an inhomogeneous light illumination is a set of non-interacting, independent point walkers, which represent the centers of mass of polymer chains. The walkers perform CTRW on a line (Figure 29), with   α = 2   corresponding to gaussian distribution of lengths of jumps along the line. Correspondingly,   δ = β   and the type of dynamics depends on the value of parameter  β : it is sub-diffusive for   β < 1  , super-diffusive for   β > 1   and corresponds to normal diffusion for   β = 1  . This classification is the same as its counterpart using parameter  γ , Equation (37). Thus, in CTRW model exponent  γ  has analytical representation: it is identified with  β :


  γ = β .  



(53)







While the dependence of  β  on x can be found from relations   γ ( I )   (Figure 12) and formula   I ( x )   Equation (20), the model used a simplified version, namely a sinusoidal modulation of  β  (Figure 29). CTRW was simulated using the method of Ref. [224]. The trajectories of the walkers shown in Figure 29 display a variety of behaviours, from oriented motion through diffusive motion to dynamical arrest. Various types of motion contribute to the time-dependent density   ρ ( x , t )   of walkers, shown in Figure 30. This plot is typical for MC simulations of density of chains in the process of inscription of SRG as discussed in Section 3.3. Moreover, the fine structure of the grating appears as a transient effect, corresponding to one of the scenarios introduced in Ref. [154] and discussed in Section 3.3. To summarize, a rather naive model based on the concept of CTRW offers a promising starting point for analytical studies of light-driven mass transport in azo-polymers.





4. Conclusions


Generalized Monte Carlo bond fluctuation models of host-guest systems together with theoretical formalism presented in this review demonstrate great capabilities to describe the photo-orientation and photo-deformation of broad classes of azobenzene-containing polymers, like, e.g., polymer melts, solutions, brushes, dendrimers, liquid crystalline polymers and others.



Simulation Monte Carlo methods offer, on the one hand, the possibility of both qualitative and quantitative predictions and theoretical engineering for host-guest systems, in the context of their non-linear optics applications. On the other hand, this methodology provides tools promoting a deeper understanding of various non-linear optical processes in polymeric systems and it consolidates the physical picture of host-guest systems as complex ones. As the side effect, the host-guest systems constitute a kind of a theoretical lab which offers some intuition about the origin of complexity in physical models. The characterization of “microscopic” mechanisms leading to semi-macroscopic complex diffusion of the azo-polymer chains constitutes a challenge in the area of non-linear dynamics of chain-like objects. This topic is under study now; the results will be published elsewhere.



The theoretical formalism allows to calculate the light-induced mechanical stress from the kinetic equations of photoisomerization. According to the theoretical calculations, the mechanical stress can achieve the order of magnitude of several GPa at conventional light intensities ∼100    mW / cm  2  . Similar characteristic values of the light-induced mechanical stress were estimated in the experimental studies [111,112,113], which show that the light-induced force is able to deform chemical bonds and to break metallic layers deposited on the surface of a glassy azo-polymer. Thus, the proposed theoretical formalism provides an explanation of the photodeformation phenomena from the first principles. In particular, the experimental results mentioned above can be explained avoiding additional assumptions, such as the photofluidization hypothesis, which fails for the azo-polymers deep in the glassy state.



Furthermore, the presented theoretical approach is able to predict not only the magnitude of the photodeformation but also its direction with respect to the polarization vector of the light, depending on the chemical structure of azo-polymers. It is shown in the review that the theoretical formalism developed earlier for photodeformation and photo-ordering under the linearly polarized [114,115,116,117,118,132,133,134,135,136,137,138] or circularly polarized [119] light can be generalized to study these phenomena under the elliptically polarized light illumination. It opens up the possibility to investigate in further studies the phenomena of photodeformation and photo-ordering in azo-polymers under illumination with the light of arbitrary polarization using both theoretical methods and computer simulation techniques.



Simulation methods discussed in this review can be applied to modeling of a wider class of physical processes in polymer matrices in the presence of light illumination like, e.g., developing of polymer-based materials by UV-Vis and gamma radiations, using UV cross linking [225,226,227], gamma sterilization [228], gamma functionalization [229] and surface modification [230]. Another interesting area of applications is related to the effects of photo-ordering in azo-polymers irradiated with high-energy ions. The structural damages of the host-guest system modify the local free volume characteristics and, in consequence, the amplitude of various non-linear effects. The interaction of the ions with the system can be modeled using the dedicated software GEANT4 [231,232,233].







Funding


This research received no external funding.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


The data presented in this study are available on request from the corresponding author.




Acknowledgments


We would like to express our deepest gratitude to our friends, colleagues and co-authors who have introduced us into the fascinating world of non-linear optics: Francois Kajzar, Andrzej Miniewicz and Joseph Zyss. Many hours of discussions with Jim Grote, Mark Kuzyk, Jarek Mysliwiec and Ileana Rau are gratefully acknowledged.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Zhao, Y.; Ikeda, T. Smart Lightresponsive Materials: Azobenzene-Containing Polymers and Liquid Crystals; Wiley: Hoboken, NJ, USA, 2009. [Google Scholar]

	



Boyd, R. Nonlinear Optics; Academic Press: Cambridge, MA, USA, 2000. [Google Scholar]

	



Stegeman, G.I.; Stegeman, R.A. Nonlinear Optics: Phenomena, Materials and Devices; Wiley: Hoboken, NJ, USA, 2012. [Google Scholar]

	



Doi, M.; Edwards, S.F. The Theory of Polymer Dynamics; Clarendon Press: Oxford, UK; Oxford University Press: New York, NY, USA, 1986. [Google Scholar]

	



Kawakatsu, K. Statistical Physics of Polymers; Springer: Berlin/Heidelberg, Germany, 2004. [Google Scholar]

	



Grosberg, A.Y.; Khoklov, A.R. Statistical Physics of Macromolecules; AIP Press: Woodbury, NY, USA, 1994. [Google Scholar]

	



Pokrovskii, V.N. The Mesoscopic Theory of Polymer Dynamics; Kluwer Academic Publishers: New York, NY, USA, 2002. [Google Scholar]

	



De Gennes, P.-G. Scaling Concepts in Polymer Physics; Cornell University Press: New York, NY, USA, 1979. [Google Scholar]

	



Patashinski, A.Z.; Mitus, A.C.; Ratner, M.A. Towards understanding the local structure of liquids. Phys. Rep. 1997, 288, 409–434. [Google Scholar] [CrossRef]

	



Binder, K. Monte Carlo and Molecular Dynamics Simulations in Polymer Science; Oxford University Press: Oxford, UK, 1995. [Google Scholar]

	



Allen, M.P.; Tildesley, D.J. Computer Simulation of Liquids; Oxford Science Publishing: Oxford, UK, 1987. [Google Scholar]

	



Frenkel, D.; Smit, B. Understanding Molecular Simulation; Academic Press: Cambridge, MA, USA, 2002. [Google Scholar]

	



Kremer, K. Computer Simulations for Macromolecular Science. Macromol. Chem. Phys. 2003, 204, 257–264. [Google Scholar] [CrossRef]

	



Binder, K.; Ciccotti, G. Monte Carlo and Molecular Dynamics of Condensed Matter Systems; Italian Physical Society: Bologna, Italy, 1996. [Google Scholar]

	



Baumgartner, A.; Binder, K. Dynamics of entangled polymer melts: A computer simulation. J. Chem. Phys. 1981, 75, 29943. [Google Scholar] [CrossRef]

	



Carmesin, I.; Kremer, K. The bond fluctuation method: A new effective algorithm for the dynamics of polymers in all spatial dimensions. Macromolecules 1988, 21, 2819–2823. [Google Scholar] [CrossRef]

	



Wittmann, H.-P.; Kremer, K. Vectorized version of the bond fluctuation method for lattice polymers. Comp. Phys. Commun. 1990, 61, 309–330. [Google Scholar] [CrossRef]

	



Paul, W.; Binder, K.; Heermann, D.W.; Kremer, K. Dynamics of polymer solutions and melts. Reptation predictions and scaling of relaxation times. J. Chem. Phys. 1991, 95, 7726. [Google Scholar] [CrossRef]

	



Deutsch, H.; Dickman, R. Equation of state for athermal lattice chains in a 3d fluctuating bond model. J. Chem. Phys. 1990, 93, 8983. [Google Scholar] [CrossRef]

	



Deutsch, H.-P.; Binder, K. Interdiffusion and self-diffusion in polymer mixtures: A Monte Carlo study. J. Chem. Phys. 1991, 94, 2294–2304. [Google Scholar] [CrossRef]

	



Muller, M.; Paul, W. Measuring the chemical potential of polymer solutions and melts in computer simulations. J. Chem. Phys. 1994, 100, 719. [Google Scholar] [CrossRef]

	



Wilding, N.; Muller, M. Accurate measurements of the chemical potential of polymeric systems by Monte Carlo simulation. J. Chem. Phys. 1994, 101, 4324. [Google Scholar] [CrossRef]

	



Stukan, M.; Ivanov, V.; Muller, M.; Paul, W.; Binder, K. Finite size effects in pressure measurements for Monte Carlo simulations of lattice polymer models. J. Chem. Phys. 2002, 117, 9934. [Google Scholar] [CrossRef]

	



Wittmer, J.P.; Meyer, H.; Baschnagel, J.; Johner, A.; Obukhov, S.P.; Mattioni, L.; Muller, M.; Semenov, A.N. Long Range Bond-Bond Correlations in Dense Polymer Solutions. Phys. Rev. Lett. 2004, 93, 147801. [Google Scholar] [CrossRef]

	



Wittmer, J.P.; Beckrich, P.; Meyer, H.; Cavallo, A.; Johner, A.; Baschnagel, J.; Johner, A.; Semenov, A.N.; Obukhov, S.P.; Benoit, H. Intramolecular long-range correlations in polymer melts: The segmental size distribution and its moments. Phys. Rev. E 2007, 76, 011803. [Google Scholar] [CrossRef] [PubMed]

	



Meyer, H.; Wittmer, J.P.; Kreer, T.; Beckrich, P.; Johner, A.; Farago, J.; Baschnagel, J. Static Rouse modes and related quantities: Corrections to chain ideality in polymer melts. Eur. Phys. J. E 2008, 26, 25. [Google Scholar] [CrossRef] [PubMed]

	



Muller, M.; Binder, K.; Schafer, L. Intra- and Interchain Correlations in Semidilute Polymer Solutions: Monte Carlo Simulations and Renormalization Group Results. Macromolecules 2000, 33, 4568. [Google Scholar] [CrossRef]

	



Wittmer, J.P.; Beckrich, P.; Johner, A.; Semenov, A.N.; Obukhov, S.P.; Meyer, H.; Baschnagel, J. Why polymer chains in a melt are not random walks. Europhys. Lett. 2007, 77, 56003. [Google Scholar] [CrossRef]

	



Beckrich, P.; Johner, A.; Semenov, A.N.; Obukhov, S.P.; Benoit, H.; Wittmer, J.P. Intramolecular form factor in dense polymer systems: Systematic deviations from the Debye formula. Macromolecules 2007, 40, 3805. [Google Scholar] [CrossRef]

	



Wittmer, J.P.; Paul, W.; Binder, K. Rouse and reptation dynamics at finite temperatures: A Monte Carlo simulation. Macromolecules 1992, 25, 7211. [Google Scholar] [CrossRef]

	



Kreer, T.; Baschnagel, J.; Muller, M.; Binder, K. Monte Carlo Simulation of Long Chain Polymer Melts: Crossover from Rouse to Reptation Dynamics. Macromolecules 2001, 34, 1105. [Google Scholar] [CrossRef]

	



Mattioni, L.; Wittmer, J.P.; Baschnagel, J.; Barrat, J.-L.; Luijten, E. Dynamical properties of the slithering-snake algorithm: A numerical test of the activated-reptation hypothesis. Eur. Phys. J. E 2003, 10, 369. [Google Scholar] [CrossRef]

	



Azuma, R.; Takayama, H. Diffusion of single long polymers in fixed and low density matrix of obstacles confined to two dimensions. J. Chem. Phys. 1999, 111, 8666. [Google Scholar] [CrossRef]

	



Muller, M.; Wittmer, J.P.; Cates, M.E. Topological effects in ring polymers: A computer simulation study. Phys. Rev. E 1996, 53, 5063. [Google Scholar] [CrossRef]

	



Muller, M. Miscibility behavior and single chain properties in polymer blends: A bond fluctuation model study. Macromol. Theory Simul. 1999, 8, 343. [Google Scholar] [CrossRef]

	



Cavallo, A.; Muller, M.; Binder, K. Anomalous scaling of the critical temperature of unmixing with chain length for two-dimensional polymer blends. Europhys. Lett. 2003, 61, 214. [Google Scholar] [CrossRef]

	



Sommer, J.-U.; Saalwachter, K. Segmental order in end-linked polymer networks: A Monte Carlo study. Eur. Phys. J. E 2005, 18, 167. [Google Scholar] [CrossRef] [PubMed]

	



Binder, K.; Baschnagel, J.; Paul, W. Glass transition of polymer melts: Test of theoretical concepts by computer simulation. Prog. Polym. Sci. 2003, 28, 115. [Google Scholar] [CrossRef]

	



Baschnagel, J.; Binder, K.; Wittmann, H.-P. The influence of the cooling rate on the glass transition and the glassy state in three-dimensional dense polymer melts: A Monte Carlo study. J. Phys. Condens. Matter 1993, 5, 1597. [Google Scholar] [CrossRef]

	



Wittmann, H.-P.; Kremer, K.; Binder, K. Glass transition of polymer melts: A two-dimensional Monte Carlo study in the framework of the bond fluctuation method. J. Chem. Phys. 1996, 96, 6291. [Google Scholar] [CrossRef]

	



Deutsch, H.-P.; Binder, K. Critical Behavior and Crossover Scaling in Symmetric Polymer Mixtures: A Monte Carlo Investigation. Macromolecules 1992, 25, 6214. [Google Scholar] [CrossRef]

	



Werner, A.; Schmid, F.; Muller, M. Monte Carlo simulations of copolymers at homopolymer interfaces: Interfacial structure as a function of the copolymer density. J. Chem. Phys. 1999, 110, 5370. [Google Scholar] [CrossRef]

	



Lang, M.; Werner, M.; Dockhorn, R.; Kreer, T. Arm Retraction Dynamics in Dense Polymer Brushes. Macromolecules 2016, 49, 5190–5201. [Google Scholar] [CrossRef]

	



Lang, M.; Hoffmann, M.; Dockhorn, R.; Werner, M.; Sommer, J.-U. Fluctuation driven height reduction of crosslinked polymer brushes: A Monte Carlo study. J. Chem. Phys. 2013, 139, 164903. [Google Scholar] [CrossRef]

	



Lai, P.-Y.; Binder, K. Structure and dynamics of grafted polymer layers: A Monte Carlo simulation. J. Chem. Phys. 1991, 95, 9288. [Google Scholar] [CrossRef]

	



Lai, P.-Y. Grafted polymer layers with chain exchange: A Monte Carlo simulation. J. Chem. Phys. 1993, 98, 669. [Google Scholar] [CrossRef]

	



Wittmer, J.; Johner, A.; Joanny, J.F.; Binder, K. Chain desorption from a semidilute polymer brush: A Monte Carlo simulation. J. Chem. Phys. 1994, 101, 4379. [Google Scholar] [CrossRef]

	



Kopf, A.; Baschnagel, J.; Wittmer, J.; Binder, K. On the Adsorption Process in Polymer Brushes: A Monte Carlo Study. Macromolecules 1996, 29, 1433. [Google Scholar] [CrossRef]

	



Wittmer, J.P.; Cates, M.E.; Johner, A.; Turner, M.S. Diffusive growth of a polymer layer by in situ polymerization. Europhys. Lett. 1996, 33, 397. [Google Scholar] [CrossRef]

	



Khalatur, P.; Khokhlov, A.; Prokhorova, S.; Sheiko, S.; Moller, M.; Reineker, P.; Shirvanyanz, D. Unusual conformation of molecular cylindrical brushes strongly adsorbed on a flat solid Surface. Eur. Phys. J. E 2000, 1, 99. [Google Scholar] [CrossRef]

	



Mischler, C.; Baschnagel, J.; Binder, K. Polymer films in the normal-liquid and supercooled state: A review of recent Monte Carlo simulation results. Adv. Colloid Interface Sci. 2001, 94, 197. [Google Scholar] [CrossRef]

	



Cavallo, A.; Müller, M.; Wittmer, J.P.; Johner, A. Single chain structure in thin polymer films: Corrections to Flory’s and Silberberg’s hypotheses. J. Phys. Condens. Matter. 2005, 17, S1697. [Google Scholar] [CrossRef]

	



Wittmer, J.P.; Milchev, A.; Cates, M.E. Dynamical Monte Carlo study of equilibrium polymers: Static properties. J. Chem. Phys. 1998, 109, 834. [Google Scholar] [CrossRef]

	



Wittmer, J.P.; Beckrich, P.; Crevel, F.; Huang, C.C.; Cavallo, A.; Kreer, T.; Meyer, H. Are polymer melts ideal? Comput. Phys. Commun. 2007, 177, 146. [Google Scholar] [CrossRef]

	



Cavallo, A.; Muller, M.; Binder, K. Formation of Micelles in Homopolymer-Copolymer Mixtures: Quantitative Comparison between Simulations of Long Chains and Self-Consistent Field Calculations. Macromolecules 2006, 39, 9539. [Google Scholar] [CrossRef]

	



Cavallo, A.; Muller, M.; Binder, K. Monte Carlo Simulation of a Homopolymer-Copolymer Mixture Interacting with a Surface: Bulk versus Surface Micelles and Brush Formation. Macromolecules 2008, 41, 4937. [Google Scholar] [CrossRef]

	



Wengenmayr, M.; Dockhorn, R.; Sommer, J.-U. Multicore Unimolecular Structure Formation in Single Dendritic-Linear Copolymers under Selective Solvent Conditions. Macromolecules 2016, 49, 9215. [Google Scholar] [CrossRef]

	



Lang, M.; Müller, T. Analysis of the Gel Point of Polymer Model Networks by Computer Simulations. Macromolecules 2020, 53, 498–512. [Google Scholar] [CrossRef]

	



Muller, T.; Sommer, J.-U.; Lang, M. Tendomers—force sensitive bis-rotaxanes with jump-like deformation behavior. Soft Matter 2019, 15, 3671–3679. [Google Scholar] [CrossRef]

	



Rabbel, H.; Breier, P.; Sommer, J.-U. Swelling Behavior of Single-Chain Polymer Nanoparticles: Theory and Simulation. Macromolecules 2017, 50, 7410–7418. [Google Scholar] [CrossRef]

	



Lang, M.; Schwenke, K.; Sommer, J.-U. Short Cyclic Structures in Polymer Model Networks: A Test of Mean Field Approximation by Monte Carlo Simulations. Macromolecules 2012, 45, 4886–4895. [Google Scholar] [CrossRef]

	



Lang, M.; Fischer, J.; Werner, M.; Sommer, J.-U. Olympic Gels: Concatenation and Swelling. Macromol. Symp. 2015, 358, 140–147. [Google Scholar] [CrossRef]

	



Fischer, J.; Lang, M.; Sommer, J.-U. The formation and structure of Olympic gels. J. Chem. Phys. 2015, 143, 243114. [Google Scholar] [CrossRef]

	



Lang, M.; Fischer, J.; Werner, M.; Sommer, J.-U. Swelling of Olympic Gels. Phys. Rev. Lett. 2014, 112, 238001. [Google Scholar] [CrossRef]

	



Dockhorn, R.; Pluuschke, L.; Geisler, M.; Zessin, J.; Lindner, P.; Mundil, R.; Merna, J.; Sommer, J.-U.; Lederer, A. Polyolefins Formed by Chain Walking Catalysis—A Matter of Branching Density Only? J. Am. Chem. Soc. 2019, 141, 1558615596. [Google Scholar] [CrossRef]

	



Jurjiu, A.; Dockhorn, R.; Mironova, O.; Sommer, J.-U. Two universality classes for random hyperbranched polymers. Soft Matter 2014, 10, 4935–4946. [Google Scholar] [CrossRef]

	



Wengenmayr, M.; Dockhorn, R.; Sommer, J.-U. Dendrimers in Solution of Linear Polymers: Crowding Effects. Macromolecules 2019, 52, 2616–2626. [Google Scholar] [CrossRef]

	



Klos, J.S.; Sommer, J.-U. Dendrimer solutions: A Monte Carlo study. Soft Matter 2016, 12, 9007–9013. [Google Scholar] [CrossRef] [PubMed]

	



Sommer, J.-U.; Klos, J.S.; Mironova, O. Adsorption of branched and dendritic polymers onto flat surfaces: A Monte Carlo study. J. Chem. Phys. 2013, 139, 244903. [Google Scholar] [CrossRef] [PubMed]

	



Klos, J.S.; Sommer, J.-U. Simulations of Terminally Charged Dendrimers with Flexible Spacer Chains and Explicit Counterions. Macromolecules 2010, 43, 4418. [Google Scholar] [CrossRef]

	



Checkervarty, A.; Werner, M.; Sommer, J.-U. Formation and stabilization of pores in bilayermembranes by peptide-like amphiphilic polymers. Soft Matter 2018, 14, 2526–2534. [Google Scholar] [CrossRef] [PubMed]

	



Rabbel, H.; Werner, M.; Sommer, J.-U. Interactions of Amphiphilic Triblock Copolymers with Lipid Membranes: Modes of Interaction and Effect on Permeability Examined by Generic Monte Carlo Simulations. Macromolecules 2015, 48, 4724. [Google Scholar] [CrossRef]

	



Werner, M.; Sommer, J.-U. Translocation and Induced Permeability of Random AmphiphilicCopolymers Interacting with Lipid Bilayer Membranes. Biomacromolecules 2015, 16, 125–135. [Google Scholar] [CrossRef]

	



Sommer, J.-U.; Werner, M.; Baulin, V.A. Critical adsorption controls translocation of polymer chains through lipid bilayers and permeation of solvent. Europhys. Lett. 2012, 98, 18003. [Google Scholar] [CrossRef]

	



Baschnagel, J.; Wittmer, J.P.; Meyer, H. From Synthetic Polymers to Proteins. Comput. Soft Matter 2004, 23, 83. [Google Scholar]

	



Muller, M. Handbook of Materials Modeling; Springer: New York, NY, USA, 2005. [Google Scholar]

	



Wittmer, J.P.; Cavallo, A.; Kreer, T.; Baschnagel, J.; Johner, A. A finite excluded volume bond-fluctuation model: Static properties of dense polimer melts revisited. J. Chem. Phys. 2009, 131, 064901. [Google Scholar] [CrossRef]

	



Wani, O.M.; Zeng, H.; Priimagi, A. A light-driven artificial flytrap. Nat. Commun. 2017, 8, 15546. [Google Scholar] [CrossRef]

	



Gelebart, A.H.; Mulder, D.J.; Varga, M.; Konya, A.; Vantomme, G.; Meijer, E.W.; Selinger, R.L.B.; Broer, D.J. Making waves in a photoactive polymer film. Nature 2017, 546, 632. [Google Scholar] [CrossRef]

	



Kuzyk, M.G. Polymer Fiber Optics; CRC Press: Boca Raton, FL, USA, 2007. [Google Scholar]

	



Kuzyk, M.G.; Dawson, N.J. Photomechanical materials and applications: A tutorial. Adv. Opt. Phot. 2020, 12, 847. [Google Scholar] [CrossRef]

	



Priimagi, A.; Shevchenko, A. Azopolymer-based micro- and nanopatterning for photonic applications. J. Polym. Sci. Pol. Phys. 2014, 52, 163–182. [Google Scholar] [CrossRef]

	



Oscurato, S.L.; Salvatore, M.; Maddalena, P.; Ambrosio, A. From nanoscopic to macroscopic photo-driven motion in azobenzene-containing materials. Nanophotonics 2018, 7, 1387–1422. [Google Scholar] [CrossRef]

	



Barrett, C.J.; Rochon, P.L.; Natansohn, A.L. Model of laser-driven mass transport in thin films of dye-functionalized polymers. J. Chem. Phys. 1998, 109, 1505–1516. [Google Scholar] [CrossRef]

	



Kumar, J.; Li, L.; Jiang, X.L.; Kim, D.-Y.; Lee, T.S.; Tripathy, S. Gradient force: The mechanism for surface relief grating formation in azobenzene functionalized polymers. Appl. Phys. Lett. 1998, 72, 2096–2098. [Google Scholar] [CrossRef]

	



Lefin, P.; Fiorini, C.; Nunzi, J.M. Anisotropy of the photoinduced translation diffusion of azo-dyes. Opt. Mater. 1998, 9, 323–328. [Google Scholar] [CrossRef]

	



Pedersen, T.G.; Johansen, P.M.; Holme, N.C.R.; Ramanujam, P.S.; Hvilsted, S. Mean-Field Theory of Photoinduced Formation of Surface Relief in Side-Chain Azobenzene Polymers. Phys. Rev. Lett. 1998, 80, 89–92. [Google Scholar] [CrossRef]

	



Baldus, O.; Zilker, S.J. Surface Relief Gratings in Photoaddressable Polymers Generated by CW Holography. Appl. Phys. B 2001, 72, 425–427. [Google Scholar] [CrossRef]

	



Gaididei, Y.B.; Christiansen, P.L.; Ramanujam, P.S. Theory of Photoinduced Deformation of Molecular Films. Appl. Phys. B Lasers Opt. 2002, 74, 139–146. [Google Scholar] [CrossRef]

	



Saphiannikova, M.; Neher, D. Thermodynamic Theory of Light-Induced Material Transport in Amorphous Azobenzene Polymer Films. J. Phys. Chem. B 2005, 109, 19428–19436. [Google Scholar] [CrossRef] [PubMed]

	



Bellini, B.; Ackermann, J.; Klein, H.; Grave, C.; Dumas, P.; Safarov, V. Light-induced molecular motion of azobenzene-containing molecules: A random-walk model. J. Phys. Condens. Matter 2006, 18, 1817–1835. [Google Scholar] [CrossRef]

	



Juan, M.L.; Plain, J.; Bachelot, R.; Royer, P.; Gray, S.K.; Wiederrecht, G.P. Multiscale model for photoinduced molecular motion in azo polymers. ACS Nano 2009, 3, 1573–1579. [Google Scholar] [CrossRef] [PubMed]

	



Bublitz, D.; Fleck, B.; Wenke, L. A Model for Surface-Relief Formation in Azobenzene Polymers. Appl. Phys. B 2001, 72, 931–936. [Google Scholar] [CrossRef]

	



Karageorgiev, P.; Neher, D.; Schulz, B.; Stiller, B.; Pietsch, U.; Giersig, M.; Brehmer, L. From anisotropic photo-fluidity towards nanomanipulation in the optical near-field. Nat. Mater. 2005, 4, 699–703. [Google Scholar] [CrossRef]

	



Lee, S.; Kang, H.S.; Park, J.-K. Directional photofluidization lithography: Micro/ nanostructural evolution by photofluidic motions of azobenzene materials. Adv. Mater. 2012, 24, 2069–2103. [Google Scholar] [CrossRef]

	



Fang, G.J.; Maclennan, J.E.; Yi, Y.; Glaser, M.A.; Farrow, M.; Korblova, E.; Walba, D.M.; Furtak, T.E.; Clark, N.A. Athermal photofluidization of glasses. Nat. Commun. 2013, 4, 1521. [Google Scholar] [CrossRef]

	



Hurduc, N.; Donose, B.C.; Macovei, A.; Paius, C.; Ibanescu, C.; Scutaru, D.; Hamel, M.; Branza-Nichita, N.; Rocha, L. Direct observation of athermal photofluidisation in azopolymer films. Soft Matter 2014, 10, 4640–4647. [Google Scholar] [CrossRef]

	



Veer, P.U.; Pietsch, U.; Rochon, P.L.; Saphiannikova, M. Temperature dependent analysis of grating formation on azobenzene polymer films. Mol. Cryst. Liquid Cryst. 2008, 486, 1108–1120. [Google Scholar] [CrossRef]

	



Mechau, N.; Saphiannikova, M.; Neher, D. Dielectric and mechanical properties of azobenzene polymer layers under visible and ultraviolet irradiation. Macromolecules 2005, 38, 3894–3902. [Google Scholar] [CrossRef]

	



Mechau, N.; Saphiannikova, M.; Neher, D. Molecular tracer diffusion in thin azobenzene polymer layers. Appl. Phys. Lett. 2006, 89, 251902. [Google Scholar] [CrossRef]

	



Srikhirin, T.; Laschitsch, A.; Neher, D.; Johannsmann, D. Light-induced softening of azobenzene dye-doped polymer films probed with quartz crystal resonators. Appl. Phys. Lett. 2000, 77, 963–965. [Google Scholar] [CrossRef]

	



Saphiannikova, M.; Toshchevikov, V. Optical deformations of azobenzene polymers: Orientation approach vs. photofluidization concept. J. Soc. Inf. Disp. 2015, 23, 146–153. [Google Scholar] [CrossRef]

	



Lee, S.; Kang, H.S.; Ambrosio, A.; Park, J.-K.; Marrucci, L. Directional Superficial Photofluidization for Deterministic Shaping of Complex 3D Architectures. ACD Appl. Mater. Inter. 2015, 7, 8209–8217. [Google Scholar] [CrossRef]

	



Pirani, F.; Angelini, A.; Frascella, F.; Rizzo, R.; Ricciardi, S.; Descrovi, E. Light-Driven Reversible Shaping of Individual Azopolymeric Micro-Pillars. Sci. Rep. 2016, 6, 31702. [Google Scholar] [CrossRef]

	



Ambrosio, A.; Borbone, F.; Carella, A.; Centore, R.; Fusco, S.; Kuball, H.-G.; Maddalena, P.; Romano, C.; Roviello, A.; Stolte, M. Cis–trans isomerization and optical laser writing in new heterocycle based azo-polyurethanes. Opt. Mater. 2012, 34, 724–728. [Google Scholar] [CrossRef]

	



Uchida, E.; Azumi, R.; Norikane, Y. Light-induced crawling of crystals on a glass surface. Nat. Commun. 2015, 6, 7310. [Google Scholar] [CrossRef] [PubMed]

	



Nath, N.K.; Panda, M.K.; Sahoo, S.C.; Naumov, P. Thermally induced and photoinduced mechanical effects in molecular single crystals—A revival. Cryst. Eng. Commun. 2014, 16, 1850–1858. [Google Scholar] [CrossRef]

	



Zhou, H.; Xue, C.; Weis, P.; Suzuki, Y.; Huang, S.; Koynov, K.; Auernhammer, G.K.; Rüdiger, B.; Butt, H.-J.; Wu, S. Photoswitching of glass transition temperatures of azobenzene-containing polymers induces reversible solid-to-liquid transitions. Nat. Chem. 2017, 9, 145–151. [Google Scholar] [CrossRef]

	



Wen-Cong, X.; Shaodong, S.; Wu, S. Photoinduced Reversible Solid-to-Liquid Transitions for Photoswitchable Materials. Angew. Chem. Int. Edit. 2019, 58, 9712–9740. [Google Scholar]

	



Yang, B.; Cai, F.; Huang, S.; Yu, H. Athermal and Soft Multi-Nanopatterning of Azopolymers: Phototunable Mechanical Properties. Angew. Chem. Int. Ed. 2020, 59, 4188. [Google Scholar] [CrossRef]

	



Kopyshev, A.; Galvin, C.J.; Genzer, J.; Lomadze, N.; Santer, S. Opto-Mechanical Scission of Polymer Chains in Photosensitive Diblock-Copolymer Brushes. Langmuir 2013, 29, 13967–13974. [Google Scholar] [CrossRef]

	



Yadavalli, N.S.; Linde, F.; Kopyshev, A.; Santer, S. Soft matter beats hard matter: Rupturing of thin metallic films induced by mass transport in photosensitive polymer films. ACS Appl. Mater. Interfaces 2013, 5, 7743–7747. [Google Scholar] [CrossRef]

	



Di Florio, G.; Brundermann, E.; Yadavalli, N.S.; Santer, S.; Havenith, M. Graphene multilayer as nanosized optical strain gauge for polymer surface relief gratings. Nano Lett. 2014, 14, 5754–5760. [Google Scholar] [CrossRef]

	



Toshchevikov, V.; Saphiannikova, M.; Heinrich, G. Microscopic theory of light-induced deformation in amorphous side-chain azobenzene polymers. J. Phys. Chem. B 2009, 113, 5032–5045. [Google Scholar] [CrossRef]

	



Ilnytskyi, J.M.; Saphiannikova, M. Reorientation dynamics of chromophores in photosensitive polymers by means of coarse-grained modeling. ChemPhysChem 2015, 16, 3180. [Google Scholar] [CrossRef]

	



Ilnytskyi, J.M.; Toshchevikov, V.; Saphiannikova, M. Modeling of the photo-induced stress in azobenzene polymers by combining theory and computer simulations. Soft Matter 2019, 15, 9894. [Google Scholar] [CrossRef] [PubMed]

	



Toshchevikov, V.; Ilnytskyi, J.; Saphiannikova, M. Photoisomerization kinetics and mechanical stress in azobenzene-containing materials. J. Phys. Chem. Lett. 2017, 8, 1094–1098. [Google Scholar] [CrossRef]

	



Toshchevikov, V.; Petrova, T.; Saphiannikova, M. Kinetics of light-induced ordering and deformation in lc azobenzene-containing materials. Soft Matter 2017, 13, 2823–2835. [Google Scholar] [CrossRef] [PubMed]

	



Yadav, B.; Domurath, J.; Kim, K.; Lee, S.; Saphiannikova, M. Orientation approach to directional photodeformations in glassy side-chain azopolymers. J. Phys. Chem. B 2019, 123, 3337–3347. [Google Scholar] [CrossRef] [PubMed]

	



Yadav, B.; Domurath, J.; Saphiannikova, M. Modeling of stripe patterns in photosensitive azopolymers. Polymers 2020, 12, 735. [Google Scholar] [CrossRef] [PubMed]

	



Loebner, S.; Lomadze, N.; Kopyshev, A.; Koch, M.; Guskova, O.; Saphiannikova, M.; Santer, S. Light-induced deformation of azobenzene-containing colloidal spheres: Calculation and measurement of opto-mechanical stresses. J. Phys. Chem. B 2018, 122, 2001–2009. [Google Scholar] [CrossRef]

	



Yadavalli, N.S.; Saphiannikova, M.; Lomadze, N.; Goldenberg, L.M.; Santer, S. Structuring of photosensitive material below diffraction limit using far field irradiation. Appl. Phys. A 2013, 113, 263–272. [Google Scholar] [CrossRef]

	



Yadavalli, N.S.; Saphiannikova, M.; Santer, S. Photosensitive response of azobenzene containing films towards pure intensity or polarization interference patterns. Appl. Phys. Lett. 2014, 105, 051601. [Google Scholar] [CrossRef]

	



Juan, M.L.; Plain, J.; Bachelot, R.; Royer, P.; Gray, S.K.; Wiederrecht, G.P. Stochastic model for photoinduced surface relief grating formation through molecular transport in polymer films. Appl. Phys. Lett. 2008, 93, 153304. [Google Scholar] [CrossRef]

	



Plain, J.; Wiederrecht, G.P.; Gray, S.K.; Royer, P.; Bachelot, R. Multiscale optical imaging of complex fields based on the use of azobenzene nanomotors. J. Phys. Chem. Lett. 2013, 4, 2124–2132. [Google Scholar] [CrossRef]

	



Dumont, M.; El Osman, A. On spontaneous and photoinduced orientational mobility of dye molecules in polymers. Chem. Phys. 1999, 245, 437–462. [Google Scholar] [CrossRef]

	



Tiberio, G.; Muccioli, L.; Berardi, R.; Zannoni, C. How Does the Trans-Cis Photoisomerization of Azobenzene Take Place in Organic Solvents? ChemPhysChem 2010, 11, 1018–1028. [Google Scholar] [CrossRef] [PubMed]

	



Chigrinov, V.; Pikin, S.; Verevochnikov, A.; Kozenkov, V.; Khazimullin, M.; Ho, J.; Huang, D.D.; Kwok, H.S. Diffusion Model of Photoaligning Azo-Dye Layers. Phys. Rev. E Stat. Nonlinear Soft Matter Phys. 2004, 69, 061713. [Google Scholar] [CrossRef] [PubMed]

	



Ilnytskyi, J.; Saphiannikova, M.; Neher, D. Photo-Induced Deformations in Azobenzene-Containing Side-Chain Polymers: Molecular Dynamics Study. Condens. Matter Phys. 2006, 9, 87–94. [Google Scholar] [CrossRef]

	



Toshchevikov, V.; Saphiannikova, M.; Heinrich, G. Theory of light-induced deformations in azobenzene polymers: Structure-property relationship. Proc. SPIE 2009, 7487, 74870B. [Google Scholar]

	



Saphiannikova, M.; Toshchevikov, V.; Ilnytskyi, J. Photoinduced Deformations in Azobenzene Polymer Films. Nonlinear Opt. Quant. Opt. 2010, 41, 27–57. [Google Scholar]

	



Toshchevikov, V.; Saphiannikova, M.; Heinrich, G. Light-induced deformation of azobenzene elastomers: A regular cubic network model. J. Phys. Chem. B 2012, 116, 913–924. [Google Scholar] [CrossRef]

	



Toshchevikov, V.P.; Saphiannikova, M.; Heinrich, G. Theory of light-induced deformation of azobenzene elastomers: Influence of network structure. J. Chem. Phys. 2012, 137, 024903. [Google Scholar] [CrossRef]

	



Toshchevikov, V.; Saphiannikova, M.; Heinrich, G. Effects of the liquid-crystalline order on the light-induced deformation of azobenzene elastomers. Proc. SPIE 2012, 8545, 854507. [Google Scholar]

	



Toshchevikov, V.; Saphiannikova, M. Theory of light-induced deformation of azobenzene elastomers: Effects of the liquid-crystalline interactions and biaxiality. J. Phys. Chem. B 2014, 118, 12297–12309. [Google Scholar] [CrossRef] [PubMed]

	



Petrova, T.; Toshchevikov, V.; Saphiannikova, M. Light-induced deformation of polymer networks containing azobenzene chromophores and liquid crystalline mesogens. Soft Matter 2015, 11, 3412–3423. [Google Scholar] [CrossRef] [PubMed]

	



Toshchevikov, V.; Petrova, T.; Saphiannikova, M. Light-induced deformation of liquid crystalline polymer networks containing azobenzene chromophores. Proc. SPIE 2015, 9565, 956504. [Google Scholar]

	



Toshchevikov, V.; Petrova, T.; Saphiannikova, M. Kinetics of Ordering and Deformation in Photosensitive Azobenzene LC Networks. Polymers 2018, 10, 531. [Google Scholar] [CrossRef] [PubMed]

	



Jelken, J.; Henkel, C.; Santer, S. Formation of half-period surface relief gratings in azobenzene containing polymer films. Appl. Phys. B 2020, 126, 149. [Google Scholar] [CrossRef]

	



Saad, B. Linearly and circularly polarized laser photoinduced molecular order in azo dye doped polymer films. In Proceedings of the Nanophotonics and Micro/Nano Optics International Conference—Nanop 2016, Paris, France, 7–9 December 2016; Volume 139, p. 00012. [Google Scholar]

	



Larson, L.G. The Structure and Rheology of Complex Fluids; Oxford University Press: New York, NY, USA, 1999. [Google Scholar]

	



Kang, H.S.; Kim, H.T.; Park, J.K.; Lee, S. Light-Powered Healing of a Wearable Electrical Conductor. Adv. Funct. Mater. 2014, 24, 7273–7283. [Google Scholar] [CrossRef]

	



Ambrosio, A.; Camposeo, A.; Carella, A.; Borbone, F.; Pisignano, D.; Roviello, A.; Maddalena, P. Realization of submicrometer structuresby a confocal system on azopolymer filmscontaining photoluminescent chromophores. J. Appl. Phys. 2010, 107, 083110. [Google Scholar] [CrossRef]

	



Pawlik, G.; Mitus, A.C.; Miniewicz, A.; Kajzar, F. Kinetics of diffraction gratings formation in a polymer matrix containing azobenzene chromophores: Experiments and Monte Carlo simulations. J. Chem. Phys. 2003, 119, 6789. [Google Scholar] [CrossRef]

	



Pawlik, G.; Mitus, A.C.; Miniewicz, A.; Kajzar, F. Monte Carlo simulations of temperature dependence of the kinetics of diffraction gratings formation in a polymer matrix containing azobenzene chromophores. J. Non. Opt. Phys. Mater. 2004, 13, 481–489. [Google Scholar] [CrossRef]

	



Metropolis, N.; Rosenbluth, A.W.; Rosenbluth, M.N.; Teller, A.N.; Teller, E. Equation of state calculations by fast computing machines. J. Chem. Phys. 1953, 21, 1087–1092. [Google Scholar] [CrossRef]

	



Landau, D.P.; Binder, K. A Guide to Monte Carlo Simulations in Statistical Physics; Cambridge University Press: Cambridge, UK, 2000. [Google Scholar]

	



Soto, M.; Esteva, M.; Martinez-Romero, O.; Baez, J.; Elias-Zñiga, A. Modeling Percolation in Polymer Nanocomposites by Stochastic Microstructuring. Materials 2015, 8, 6697–6718. [Google Scholar] [CrossRef] [PubMed]

	



Ruan, C. “Skin-Core-Skin” Structure of Polymer Crystallization Investigated by Multiscale Simulation. Materials 2018, 11, 610. [Google Scholar] [CrossRef] [PubMed]

	



Radosz, W.; Pawlik, G.; Mitus, A.C. Complex Dynamics of Photo-Switchable Guest Molecules in All-Optical Poling Close to the Glass Transition: Kinetic Monte Carlo Modeling. J. Phys. Chem. B 2018, 122, 1756–1765. [Google Scholar] [CrossRef] [PubMed]

	



Pawlik, G.; Radosz, W.; Mitus, A.C.; Mysliwiec, J.; Miniewicz, A.; Kajzar, F.; Rau, I. Holographic grating inscription in DR1: DNA-CTMA thin films: The puzzle of time scales. Cent. Eur. J. Chem. 2014, 12, 886–892. [Google Scholar] [CrossRef]

	



Pawlik, G.; Mitus, A.C.; Miniewicz, A.; Sobolewska, A.; Kajzar, F. Temperature dependence of the kinetics of diffraction gratings formation in a polymer matrix containing azobenzene chromophores: Monte Carlo simulations and experiment. Mol. Cryst. Liq. Cryst. 2005, 426, 243–252. [Google Scholar] [CrossRef]

	



Pawlik, G.; Wrobel, P.; Mitus, A.C.; Kuzyk, M.G. Towards Monte Carlo simulation of the photomechanical effect in polymeric fibers. Proc. SPIE 2011, 8113. [Google Scholar] [CrossRef]

	



Pawlik, G.; Miniewicz, A.; Sobolewska, A.; Mitus, A.C. Generic stochastic Monte Carlo model of the photoinduced mass transport in azo-polymers and fine structure of Surface Relief Gratings. Europhys. Lett. 2014, 105, 26002. [Google Scholar] [CrossRef]

	



Pawlik, G.; Mitus, A.C.; Mysliwiec, J.; Miniewicz, A.; Grote, J.G. Photochromic dye semi-intercalation into DNA-based polymeric matrix: Computer modeling and experiment. Chem. Phys. Lett. 2010, 484, 321–323. [Google Scholar] [CrossRef]

	



Pawlik, G.; Rau, I.; Kajzar, F.; Mitus, A.C. Second-harmonic generation in poled polymers: Pre-poling history paradigm. Opt. Express 2010, 18, 18793. [Google Scholar] [CrossRef]

	



Radosz, W.; Orlik, R.; Pawlik, G.; Mitus, A.C. On complex structure of local free volume in bond fluctuation model of polymer matrix. Polymer 2019, 177, 1–9. [Google Scholar] [CrossRef]

	



Guo, J.; Andre, P.; Adam, M.; Panyukov, S.; Rubinstein, M.; DeSimone, J.M. Solution Properties of a Fluorinated Alkyl Methacrylate Polymer in Carbon Dioxide. Macromolecules 2006, 39, 3427–3434. [Google Scholar] [CrossRef]

	



Kiselev, A.D.; Chigrinov, V.G.; Kwok, H.-S. Kinetics of photoinduced ordering in azo-dye films: Two-state and diffusion models. Phys. Rev. E 2009, 80, 011706. [Google Scholar] [CrossRef]

	



Tavarone, R.; Charbonneau, P.; Stark, H. Kinetic Monte Carlo simulations for birefringence relaxation of photo-switchable molecules on a surface. J. Chem. Phys 2016, 144, 104703. [Google Scholar] [CrossRef]

	



Pawlik, G.; Mitus, A.C.; Kajzar, F. Monte Carlo simulation of two-photon induced molecular orientation in solid polymer films. Proc. SPIE 2006, 6330, 633003. [Google Scholar]

	



Sekkat, Z.; Knoll, W. Photoreactive Organic Thin Films; Academic Press: Cambridge, MA, USA, 2002. [Google Scholar]

	



Pawlik, G.; Wysoczanski, T.; Mitus, A.C. Complex Dynamics of Photoinduced Mass Transport and Surface Relief Gratings Formation. Nanomaterials 2019, 9, 352. [Google Scholar] [CrossRef] [PubMed]

	



Pawlik, G.; Mitus, A.C. Photoinduced Mass Transport in Azo-Polymers in 2D: Monte Carlo Study of Polarization Effects. Materials 2020, 13, 4724. [Google Scholar] [CrossRef]

	



Rau, I.; Kajzar, F. Second harmonic generation and its applications. Nonl. Opt. Quant. Opt. 2008, 38, 99–140. [Google Scholar]

	



Bublitz, D.; Helgert, M.; Fleck, B.; Wenke, L.; Hvilstedt, S.; Ramanujam, P.S. Photoinduced Deformation of Azobenzene Polyester Films. Appl. Phys. B 2000, 70, 863–865. [Google Scholar] [CrossRef]

	



Priimagi, A.; Shimamura, A.; Kondo, M.; Hiraoka, T.; Kubo, S.; Mamiya, J.I.; Kinoshita, M.; Ikeda, T.; Shishido, A. Location of the azobenzene moieties within the cross-linked liquid-crystalline polymers can dictate the direction of photoinduced bending. ACS Macro. Lett. 2012, 1, 96–99. [Google Scholar] [CrossRef]

	



Wang, D.H.; Lee, K.M.; Yu, Z.N.; Koerner, H.; Vaia, R.A.; White, T.J.; Tan, L.S. Photomechanical response of glassy azobenzene polyimide networks. Macromolecules 2011, 44, 3840–3846. [Google Scholar] [CrossRef]

	



Han, M.; Morino, S.; Ichimura, K. Factors Affecting In-Plane and Out-of-Plane Photoorientation of Azobenzene Side Chains Attached to Liquid Crystalline Polymers Induced by Irradiation with Linearly Polarized Light. Macromolecules 2000, 33, 6360–6371. [Google Scholar] [CrossRef]

	



Buffeteau, T.; Labarthet, F.L.; Sourisseau, C.; Kostromine, S.; Bieringer, T. Biaxial Orientation Induced in a Photoaddressable Azopolymer Thin Film As Evidenced by Polarized UV-Visible, Infrared, and Raman Spectra. Macromolecules 2004, 37, 2880–2889. [Google Scholar] [CrossRef]

	



Jung, C.C.; Rosenhauer, R.; Rutloh, M.; Kempe, C.; Stumpe, J. The Generation of Three-Dimensional Anisotropies in Thin Polymer Films by Angular Selective Photoproduct Formation and Annealing. Macromolecules 2005, 38, 4324–4330. [Google Scholar] [CrossRef]

	



Ilnytskyi, J.; Neher, D.; Saphiannikova, M. Opposite photo-induced deformations in azobenzene-containing polymers with different molecular architecture: Molecular dynamics study. J. Chem. Phys. 2011, 135, 044901. [Google Scholar] [CrossRef] [PubMed]

	



Feller, W. An Introduction to Probability Theory and Its Applications; Wiley & Sons: Hoboken, NJ, USA, 1950. [Google Scholar]

	



Hansen, J.-P.; McDonald, I.R. Theory of Simple Liquids; Academic Press: Cambridge, MA, USA, 2006. [Google Scholar]

	



Stauffer, D.; Aharony, A. Introduction to Percolation Theory; Taylor & Francis: Abingdon, UK, 2003. [Google Scholar]

	



Kim, D.Y.; Tripathy, S.K.; Li, L.; Kumar, J. Laser-induced holographic surface relief gratings on nonlinear optical polymer films. Appl. Phys. Lett. 1995, 66, 1166. [Google Scholar] [CrossRef]

	



Rochon, P.; Batalla, E.; Natansohn, A. Optically induced surface gratings on azoaromatic polymer films. Appl. Phys. Lett. 1995, 66, 136. [Google Scholar] [CrossRef]

	



Barrett, C.J.; Natansohn, A.L.; Rochon, P.L. Mechanism of optically inscribed high-efficiency diffraction gratings in azo polymer films. J. Phys. Chem. 1996, 100, 8836–8842. [Google Scholar] [CrossRef]

	



Yager, K.G.; Barrett, C.J. Photomechanical surface patterning in azo-polymer materials. Macromolecules 2006, 39, 9320–9326. [Google Scholar] [CrossRef]

	



Henneberg, O.; Geue, T.; Saphiannikova, M.; Pietsch, U.; Rochon, P.; Natansohn, A. Formation and dynamics of polymer surface relief gratings. Appl. Surf. Sci. 2001, 182, 272–279. [Google Scholar] [CrossRef]

	



Ashkin, A.; Dziedzic, J.; Bjorkholm, J.E.; Chu, J.E. Observation of a single-beam gradient force optical trap for dielectric particles. Opt. Lett. 1986, 11, 288–290. [Google Scholar] [CrossRef] [PubMed]

	



Sumaru, K.; Yamanaka, T.; Fukuda, T.; Matsuda, H. Photoinduced surface relief gratings on azopolymer films: Analysis by a fluid mechanics model. Appl. Phys. Lett. 1999, 75, 1878. [Google Scholar] [CrossRef]

	



Sumaru, K.; Fukuda, T.; Kimura, T.; Matsuda, H.; Yamanaka, T. Photoinduced surface relief formation on azopolymer films: A driving force and formed relief profile. J. Appl. Phys. 2002, 91, 3421–3424. [Google Scholar] [CrossRef]

	



Boeckmann, M.; Doltsinis, N.L. Towards understanding photomigration: Insights from atomistic simulations of azopolymer films explicitely including light-induced isomerization dynamics. J. Chem. Phys. 2016, 145, 154701. [Google Scholar] [CrossRef] [PubMed]

	



Mahimwalla, Z.; Yager, K.G.; Mamiya, J.; Shishido, A.; Priimagi, A.; Barrett, C.J. Azobenzene photomechanics: Prospects and potential applications. Polym. Bull. 2012, 69, 967–1006. [Google Scholar] [CrossRef]

	



Sobolewska, A.; Bartkiewicz, S. Surface relief grating in azo-polymer obtained for s-s polarization configuration of the writing beams. Appl. Phys. Lett. 2012, 101, 193301. [Google Scholar] [CrossRef]

	



Saphiannikova, M.; Toshchevikov, V.; Ilnytskyi, J. Nanoscopic actuators in light-induced deformation of glassy azo-polymers. Proc. SPIE 2013, 8901, 89010X. [Google Scholar]

	



Schab-Balcerzak, E.; Siwy, M.; Kawalec, M.; Sobolewska, A.; Chamera, A.; Miniewicz, A. Synthesis, characterization, and study of photoinduced optical anisotropy in polyimides containing side azobenzene units. J. Phys. Chem. A 2009, 113, 8765–8780. [Google Scholar] [CrossRef] [PubMed]

	



Fabbri, F.; Garrot, D.; Lahlil, K.; Boilot, J.P.; Lassailly, Y.; Peretti, J. Evidence of two distinct mechanisms driving photoinduced matter motion in thin films containing azobenzene derivatives. J. Phys. Chem. B 2011, 115, 1363–1367. [Google Scholar] [CrossRef]

	



Miniewicz, A.; Kochalska, A.; Mysliwiec, J.; Samoc, A.; Samoc, M.; Grote, J.G. Deoxyribonucleic acid-based photochromic material for fast dynamic holography. Appl. Phys. Lett. 2007, 91, 041118. [Google Scholar] [CrossRef]

	



Mitus, A.C.; Pawlik, G.; Kochalska, A.; Mysliwiec, J.; Miniewicz, A.; Kajzar, F. Experimental and Monte Carlo studies of diffraction grating inscription in DNA-based materials. Proc. SPIE 2007, 6646, 664601. [Google Scholar]

	



Mitus, A.C.; Pawlik, G.; Kajzar, F.; Grote, J.G. Kinetic Monte Carlo study of diffraction grating recording/erasure in DNA-based azo-dye systems. Proc. SPIE 2008, 7040, 70400A. [Google Scholar]

	



Sou, H.; Spaeth, H.; Linhard, V.N.L.; Steckl, A.J. Role of Surfactants in the Interaction of Dye Molecules in Natural DNA Polymers. Langmuir 2009, 25, 11698. [Google Scholar]

	



Kawabe, Y.; Wang, L.; Horinouchi, S.; Ogata, N. Amplified Spontaneous Emission from Fluorescent-Dye-Doped DNA-Surfactant Complex Films. Adv. Mater. 2000, 12, 1281–1283. [Google Scholar] [CrossRef]

	



Samoc, M.; Samoc, A.; Miniewicz, A.; Markowicz, P.P.; Prasad, P.N.; Grote, J.G. Cubic nonlinear optical effects in deoxyribonucleic acid (DNA) based materials containing chromophores. Proc. SPIE 2007, 6646, 66460A. [Google Scholar]

	



Lee, Y.-C. Role of Carbohydrates in Oxidative Modification of Fibrinogen and Other Plasma Proteins. In Photoactive Organic Materials: Science and Application; Kajzar, F., Agranovich, V.M., Lee, C.Y.-C., Eds.; NATO ASI Series High Technolog; Kluwer: Dordrecht, The Netherlands, 1995; Volume 9, pp. 175–181. [Google Scholar]

	



Dalton, L.R. Nonlinear Optical Polymeric Materials: From Chromophore Design to Commercial Applications. In Polymers for Photonics Applications I, Advances in Polymer Science; Lee, K.S., Ed.; Springer: Berlin/Heidelberg, Germany, 2002; Volume 158, pp. 1–86. [Google Scholar]

	



Dalton, L.R.; Robinson, B.H.; Jen, A.K.-Y.; Steier, W.H.; Nielsen, R. Systematic Development of High Bandwidth, Low Drive Voltage Organic Electrooptic Devices and Their Applications. Opt. Mater. 2003, 21, 19–28. [Google Scholar] [CrossRef]

	



Rutkis, M.; Jurgis, A.; Kampars, V.; Vembris, A.; Tokmakovs, A.; Kokars, V. New Figure of Merit for Tailoring Optimal Structure of the Second Order NLO Chromophore for Guest-Host Polymers. Mol. Cryst. Liq. Cryst. 2008, 485, 903–914. [Google Scholar] [CrossRef]

	



Harper, A.W.; Sun, S.S.; Dalton, L.R.; Garner, S.M.; Chen, A.; Kalluri, S.; Steier, W.H.; Robinson, B.H. Translating Microscopic Optical Nonlinearity to Macroscopic Optical Nonlinearity: The Role of Chromophore-Chromophore Electrostatic Interactions. J. Opt. Soc. Am. B 1998, 15, 329–337. [Google Scholar] [CrossRef]

	



Robinson, B.H.; Dalton, L.R.; Harper, A.W.; Ren, A.S.; Wang, F.; Zhang, C.; Todorova, G.; Lee, M.S.; Aniszfeld, R.; Garner, S.M.; et al. The Molecular and Supramolecular Engineering of Polymeric Electro-optic Materials. Chem. Phys. 1999, 245, 35–50. [Google Scholar] [CrossRef]

	



Rau, I.; Armatys, P.; Chollet, P.-A.; Kajzar, F.; Bretonniere, Y.; Andraud, C. Aggregation: A new mechanism of relaxation of polar order in electro-optic polymers. Chem. Phys. Lett. 2007, 442, 32–333. [Google Scholar] [CrossRef]

	



Pawlik, G.; Mitus, A.C.; Rau, I.; Kajzar, F. Poling of Electro-Optic Materials: Paradigms and Concepts. Nonlinear Opt. Quant. Opt. 2010, 40, 57–63. [Google Scholar]

	



Mitus, A.C.; Pawlik, G.; Rau, I.; Kajzar, F. Computer Simulations of Poled Guest-Host Systems. Nonlinear Opt. Quant. Opt. 2008, 38, 141–162. [Google Scholar]

	



Dalton, L.R.; Steier, W.H.; Robinson, B.H.; Zhang, C.; Ren, A.S.; Garner, S.M.; Chen, A.; Londergan, T.M.; Irwin, L.; Carlson, B.; et al. From Molecules to Opto-Chips: Organic Electrooptic Materials. J. Chem. Mater. 1999, 9, 1905–1920. [Google Scholar] [CrossRef]

	



Robinson, B.H.; Dalton, L.R. Monte Carlo Statistical Mechanical Simulations of the Competition of Intermolecular Electrostatic and Poling Field Interactions in Defining Macroscopic Electrooptic Activity for Organic Chromophore/Polymer Materials. J. Phys. Chem. A 2000, 104, 4785–4795. [Google Scholar] [CrossRef]

	



Dalton, L.R. Rational Design of Organic Electrooptic Materials. J. Phys. Condens. Matter 2003, 15, R897–R934. [Google Scholar] [CrossRef]

	



Rommel, H.L.; Robinson, B.H. Orientation of Electro-optic Chromophores under Poling Conditions: A Spheroidal Model. J. Phys. Chem. C 2007, 111, 18765–18777. [Google Scholar] [CrossRef]

	



Pawlik, G.; Mitus, A.C.; Rau, I.; Kajzar, F. Monte Carlo Modeling of Chosen Non-Linear Optical Effects for Systems of Guest Molecules in Polymeric and Liquid-Crystal Matrices. Nonlinear Opt. Quant. Opt. 2009, 38, 227–244. [Google Scholar]

	



Makowska-Janusik, M.; Reis, H.; Papadopoulos, M.G.; Economou, I.; Zacharopoulos, N.J. Molecular Dynamics Simulations of Electric Field Poled Nonlinear Optical Chromophores Incorporated in a Polymer Matrix. J. Phys. Chem. B 2004, 108, 588–596. [Google Scholar] [CrossRef]

	



Leahy-Hoppa, M.R.; Cunningham, P.D.; French, J.A.; Hayden, L.M. Atomistic Molecular Modeling of the Effect of Chromophore Concentration on the Electro-optic Coefficient in Nonlinear Optical Polymers. J. Phys. Chem. A 2006, 110, 5792–5797. [Google Scholar] [CrossRef]

	



Reis, H.; Makowska-Janusik, M.; Papadopoulos, M.G. Nonlinear optical susceptibilities of poled guest-host systems: A computational study. J. Phys. Chem. B 2004, 108, 8931–8940. [Google Scholar] [CrossRef]

	



Pereverzev, Y.V.; Prezhdo, O.V. Mean-field theory of acentric order of dipolar chromophores in polymeric electro-optic materials. Phys. Rev. E 2000, 62, 8324–8334. [Google Scholar] [CrossRef]

	



Pereverzev, Y.V.; Prezhdo, O.V.; Dalton, L.R. Mean-field theory of acentric order of chromophores with displaced dipoles. Chem. Phys. Lett. 2001, 340, 328–335. [Google Scholar] [CrossRef]

	



Won-Kook, K.; Hayden, L.M. Fully atomistic modeling of an electric field poled guest-host nonlinear optical polymer. J. Chem. Phys. 1999, 111, 5212–5222. [Google Scholar]

	



Tu, Y.; Luo, Y.; Agren, H. Molecular Dynamics Simulations Applied to Electric Field Induced Second Harmonic Generation in Dipolar Chromophore Solutions. J. Phys. Chem. B 2006, 110, 8971–8977. [Google Scholar] [CrossRef] [PubMed]

	



Tu, Y.; Zhang, Q.; Agren, H. Electric field poled polymeric nonlinear optical systems: Molecular dynamics simulations of poly(methyl methacrylate) doped with disperse red chromophores. J. Phys. Chem. B 2007, 111, 3591–3598. [Google Scholar] [CrossRef] [PubMed]

	



Pawlik, G.; Mitus, A.C.; Rau, I.; Kajzar, F. Monte Carlo kinetic study of chromophore distribution in poled guest-host systems. Proc. SPIE 2008, 6891, 68910A-1. [Google Scholar]

	



Pawlik, G.; Wronski, D.; Mitus, A.C.; Rau, I.; Andraud, C.; Kajzar, F. A new mechanism of relaxation in poled guest-host systems: Monte Carlo analysis of aggregation scenario. Proc. SPIE 2007, 6653, 66530J-1. [Google Scholar]

	



Bian, S.; Robinson, D.; Kuzyk, M.G. Optically activated cantilever using photomechanical effects in dye-doped polymer fibers. J. Opt. Soc. Am. B 2006, 23, 697–708. [Google Scholar] [CrossRef]

	



Barrett, C.J.; Mamiya, J.; Yager, K.G.; Ikeda, T. Photo-mechanical effects in azobenzene-containing soft materials. Soft Matter 2007, 3, 1249–1261. [Google Scholar] [CrossRef]

	



Jiang, C.H.; Kuzyk, M.G.; Ding, J.L.; Johns, W.E.; Welker, D.J. Fabrication and mechanical behavior of dye-doped polymer optical fiber. J. Appl. Phys. 2002, 92, 4–12. [Google Scholar] [CrossRef]

	



Metzler, R.; Klafter, J. The random walk’s guide to anomalous diffusion: A fractional dynamics approach. Phys. Rep. 2000, 339, 1–77. [Google Scholar] [CrossRef]

	



Fulger, D.; Scalas, E.; Germano, G. Monte Carlo simulation of uncoupled continuous-time random walks yielding a stochastic solution of the space-time fractional diffusion equation. Phys. Rev. E 2008, 77, 021122. [Google Scholar] [CrossRef]

	



Falco, M.; Simari, C.; Ferrara, C.; Nair, J.R.; Meligrana, G.; Bella, F.; Nicotera, I.; Mustarelli, P.; Winter, M.; Gerbaldi, C. Understanding the effect of UV-Induced cross-linking on the physicochemical properties of highly performing PEO/LiTFSI-based polymer electrolytes. Langmuir 2019, 35, 8210–8219. [Google Scholar] [CrossRef] [PubMed]

	



Falco, M.; Castro, L.; Nair, J.R.; Bella, F.; Barde, F.; Meligrana, G.; Gerbaldi, C. UV-cross-linked composite polymer electrolyte for high-rate, ambient temperature lithium batteries. ACS Appl. Energy Mater. 2019, 2, 1600–1607. [Google Scholar] [CrossRef]

	



Scalia, A.; Bella, F.; Lamberti, A.; Gerbaldi, C.; Tresso, E. Innovative multipolymer electrolyte membrane designed by oxygen inhibited UV-crosslinking enables solid-state in plane integration of energy conversion and storage devices. Energy 2019, 166, 789–795. [Google Scholar] [CrossRef]

	



Zada, M.H.; Kumar, A.; Elmalak, O.; Mechrez, G.; Domb, A.J. Effect of ethylene oxide and gamma (γ-) sterilization on the properties of a PLCL polymer material in balloon implants. ACS Omega 2019, 4, 21319–21326. [Google Scholar] [CrossRef] [PubMed]

	



Perez-Calixto, M.; Diaz-Rodriguez, P.; Concheiro, A.; Alvarez-Lorenzo, C.; Burillo, G. Amino-functionalized polymers by gamma radiation and their influence on macrophage polarization. React. Funct. Polym. 2020, 151, 104568. [Google Scholar] [CrossRef]

	



Sacco, A.; Bella, F.; De La Pierre, S.; Castellino, M.; Bianco, S.; Bongiovanni, R.; Pirri, C.F. Electrodes/electrolyte interfaces in the presence of a surface-modified photopolymer electrolyte: Application in dye-sensitized solar cells. ChemPhysChem 2015, 16, 960–969. [Google Scholar] [CrossRef] [PubMed]

	



Tishkevich, D.I.; Grabchikov, S.S.; Lastovskii, S.B.; Trukhanov, S.V.; Zubar, T.I.; Vasin, D.S.; Trukhanov, A.V.; Kozlovskiy, A.L.; Zdorovets, M.M. Effect of the Synthesis Conditions and Microstructure for Highly Effective Electron Shields Production Based on Bi Coatings. ACS Appl. Energy Mater. 2018, 1, 1695–1702. [Google Scholar] [CrossRef]

	



Tishkevich, D.I.; Grabchikov, S.S.; Lastovskii, S.B.; Trukhanov, S.V.; Vasin, D.S.; Zubar, T.I.; Kozlovskiy, A.L.; Zdorovets, M.V.; Sivakov, V.A.; Muradyan, T.R.; et al. Function composites materials for shielding applications: Correlation between phase separation and attenuation properties. J. Alloy. Comp. 2019, 771, 238–245. [Google Scholar] [CrossRef]

	



Tishkevich, D.I.; Grabchikov, S.S.; Grabchikova, E.A.; Vasin, D.S.; Lastovskiy, S.B.; Yakushevich, A.S.; Vinnik, D.A.; Zubar, T.I.; Kalagin, I.V.; Mitrofanov, S.V.; et al. Modeling of paths and energy losses of high-energy ions in single-layered and multilayered materials. IOP Conf. Ser. Mater. Sci. Eng. 2020, 848, 012089. [Google Scholar] [CrossRef]








[image: Materials 14 01454 g001 550] 





Figure 1. Scheme of the two-wave mixing experiment used for grating recording. 
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Figure 2. Lattice bond fluctuation model in 2D (a) and 3D (c). Exemplary configurations in 2D (b) and 3D standard system (d). Based on [150]. 
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Figure 3. Azo-dyes embedded in the polymer matrix (a) and attached to BFM chain (b). 
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Figure 4. Scheme for calculation of local parameters V (a) and C (b)—see text for more details. Based on [157]. 
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Figure 5. Scheme of trans-cis-trans cycle and angular diffusion process. Based on [150]. 






Figure 5. Scheme of trans-cis-trans cycle and angular diffusion process. Based on [150].



[image: Materials 14 01454 g005]







[image: Materials 14 01454 g006 550] 





Figure 6. (a) Map   V (  r →  )   of mosaic-like free volume configurations of the matrix, see text for more details. (b) Probability distribution (empirical histogram)   ρ ( V )   of local void parameter V.   T = 0.25  . Based on [157]. 
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Figure 7. (a) Self-correlation functions    g 2   ( r , V , V )    for   V = 0   (black squares, left y scale) and   V = 4   (red dots, right y scale). (b) Plot of    g 2   ( r , V , V )    for   V = 6   (black squares, left y scale) and   V = 7   (blue dots, right y scale). Dashed lines: global concentrations of cells with corresponding values of V. Solid lines: exponential fits.   T = 0.25  . Based on [157]. 
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Figure 8. (a) Snapshot of a cluster of cells with   V = 6   (7614 cells). (b) Snapshots of clusters of cells with   V = 5   (red dots, approximately 100 cells) and of clusters with   V = 6   (green dots, size (3–7) × 10   3   cells) in the simulation box.   T = 0.25  . Based on [157]. 
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Figure 9. (a) Double logarithmic plot of probability distribution    p V   ( s )    of sizes s of V-clusters. random: Reference system of randomly distributed cells. Solid line: fits, Equation (41). (b) Double logarithmic plot of number of cells   n ( r )   in a 6-cluster as a function of the distance r, see text for more details. Red and green dashed lines: power-law fits with    α F  = 2.74   and   1.83  , respectively. Inset: plot of fractal dimension   α F   as a function of cluster size s.   T = 0.25  . Based on [157]. 
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Figure 10. (a) Plot of monomer density profile   ρ ( x )   at the end of the simulation and plot of scaled sine function (black solid curve). (b) Plot of macroscopic velocity   v x   of the CM of the chains, fitted with scaled gradient of the illumination   ∇ I   (blue solid curve). Red line—the light illumination pattern   I ( x )  . 
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Figure 11. SRG profile in two limiting cases: weak stabilizing forces, end of the simulation (green circles, scale left) and strong stabilizing forces, the initial phase of build-up of SRG (thin black solid line, scale right). Thick red solid line: scaled sine function, dashed horizontal lines: initial surface profiles. 
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Figure 12. (a) Plot of exponent  γ  as function of the reduced light intensity   I 0   for bulk system (circles) and for a single chain (squares). Inset: plots of   ln 〈   ( Δ r )  2  〉   against   ln t   for bulk system. (b) Exemplary trajectories of CM of chains for different illumination intensity,    I 0  = 0.85   and    I 0  = 0.02  . Constant illumination,   T = 0.3  . Based on [163]. 
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Figure 13. (a) Model of the system and illumination pattern. Projection of CM of   10 3   chains onto x-y plane at the end of the simulation for    I 0  = 0.2   and   ∇ I = 0   (b) and   ∇ I = 0.005   (c).   T = 0.25  . [163]. 
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Figure 14. Plot of exponents   γ x   (black circles) and   γ  y , z    (red squares) as functions of intensity offset   I 0   for   ∇ I = 0.005   (a) and of gradient of intensity   ∇ I   for    I 0  = 0.5   (b).   T = 0.25  . 
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Figure 15. Exponent   γ x   as function of chain’s length N for the system without illumination (black crosses), homogeneous illumination with    I 0  = 0.2   (blue circles) and inhomogeneous illumination with   ∇ I = 0.005   (red squares).   T = 0.25  . Based on [163]. 
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Figure 16. Scheme of 2D azo-dye system interacting with linearly polarized light. 






Figure 16. Scheme of 2D azo-dye system interacting with linearly polarized light.



[image: Materials 14 01454 g016]







[image: Materials 14 01454 g017 550] 





Figure 17. Plot of exponent   γ (  I 0  )  . FP model:   Θ =  0 ∘   ,   ∇ I = 0   (black circles) and   ∇ I = 0.005   (empty circles). PI model:   ∇ I = 0   (red triangles) and   ∇ I = 0.005   (empty red triangles).   T = 0.15  . 
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Figure 18. Final positions of CM of chains after   10 4   MCS for FP (a) and PI model (c) and averaged position of CM in x direction, with standard deviation    σ x   (  I 0  )   , for FP model (b) and PI model (d).   Θ =  90 ∘   .   T = 0.15  ,   ∇ I = 0.005 ,  I 0  = 0.5  . 
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Figure 19. Typical MC-kinetics of diffraction efficiency   Δ 2   in the process of inscription and erasure of diffraction gratings. 
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Figure 20. MC-time evolution of order parameter    P 2   ( x )    for OPA (a) and TPA (b) photo-selections. 
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Figure 21. Scheme of semi-intercalation and full intercalation of an azo-dye molecule in DNA-CTMA biopolymer. 
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Figure 22. The kinetics of grating inscription, characterized by scaled diffraction efficiency   η =  Δ 2   , in DNA-CTMA-DR1 experiment and in MC semi-intercalation and host-guest systems. 
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Figure 23. (a) Plot of load parameter   N  <  cos 3  θ > ∝  χ  Z Z Z   ( 2 )     as a function of number density N: pre-poling scenario (red) and immediate poling (black). (b) MC kinetics of acentric order parameter   <  cos 3  θ >   for   N = 2.16 ×  10 20   /cc, for pre-poling scenario (black) and immediate poling (blue). Solid lines: stretched–exponential fits. 
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Figure 24. (a) Poling electric field as function of number of MC steps. (b) Configurations of dipoles: immediate poling; (c) pre-poling scenario. Horizontal alignment corresponds to time from top plot:   t = 0  ,   10 5   MCS and   8 ×  10 5    MCS. Polymeric chains are not shown. 
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Figure 25. (a) Polar plot of angular distribution   ρ ( θ ) / sin θ   for   t = 0   (solid black line) and   t = 2 ×  10 5    MCS (dashed red line). (b) Double logarithmic plot of    N  0 − 20    ( t )  /  N  m a x     for   T = 0.2 , 0.25   and   0.4  . Inset: temperature dependence of normalized parameter    N  0 − 20   /  N  m a x     for   t = 2 ×  10 5    MCS. See text for more details. Based on [150]. 
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Figure 26. (a) MC-time dependence of acentric order parameter    〈  cos 3  θ 〉   ( t )    for   T = 0.15   (solid black line). Dashed red line represents stretched exponential fit, Equation (51). (b) Temperature dependence of parameters of the fits:   τ ( T )   (left axis) and   d ( T )   (right axis). 
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Figure 27. Photomechanical effect: (a) The model. (b) Scheme of stress-driven trial movements of the monomers close to the void. 
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Figure 28. Plot of elongation   Δ x   of the host–guest system in function of MC time (a), driven by periodic modulation of light intensity (b). 
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Figure 29. CTRW model in 1D. (a) Spatial modulation of parameter  β . Inset: independent walkers on a line. (b) Exemplary trajectories of walkers,   α = 2  . 
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Figure 30. Plot of density   ρ ( x , t )   of walkers in CTRW model.   α = 2  . 
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