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Abstract: The microscopic and semi-macroscopic mechanisms responsible for photoinduced mass
transport in functionalized azo-polymers are far from deeply understood. To get some insight into
those mechanisms on “microscopic” scale, we studied the directed photoinduced motion of single
functionalized polymer chains under various types of polarized light illumination using Monte
Carlo bond fluctuation model and our kinetic Monte Carlo model for photoinduced mass transport.
We found sub-diffusive, diffusive and super-diffusive regimes of the dynamics of single chains
at constant illumination and mostly super-diffusive regime for directed motion in the presence of
the gradient of light intensity. This regime is more enhanced for long than for short chains and it
approaches the ballistic limit for very long chains. We propose a physical picture of light-driven
inscription of Surface Relief Gratings (SRG) as corresponding to a dynamical coexistence of normal
and anomalous diffusion in various parts of the system. A simple continuous time random walk
model of SRG inscription based on this physical picture reproduced the light-driven mass transport
found in experiments as well as the fine structure of SRG.
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1. Introduction

Thin films of azobenzene functionalized polymers [1] may develop a periodic surface corrugation
pattern called Surface Relief Grating (SRG) when exposed to interfering polarized laser beams in a
Degenerated Two Wave Mixing (DTWM) experiment [2,3]. The microscopic movements of polymer
chain, resulting from light-induced multiple trans ↔ cis photoisomerization cycles of azobenzene
dyes attached to the chains, promote a macroscopic mass transport at the surface of polymer thin film
at temperatures far below the polymers glass transition temperatures Tg.

The origin of the photoinduced mass transport in thin layers of polymer matrix functionalized
with azo-dyes remains unclear. Several theories have been formulated (see recent reviews [4,5] and
Ref. [1]). They include a mean-field model [6], pressure gradient model [7,8], competition between
photoexpansion and photocontraction [9], viscoelastic flow model [10], stochastic inchworm-like
motion [11], gradient force models [12,13], Navier–Stokes dynamics [14,15], random walk model [16],
stochastic models [17–19], light-induced softening [4,12], and others.

Some of the approaches to the problem of SRG inscription are based on the concept of directional
photofluidization or light-induced plasticization [4,12,20–23]. The origin of photofluidization scenario
goes back to Kumar [12], who formulated the concept of light-induced plasticization caused by
reorientation of chromophores (via trans↔ cis cycles). On the other hand, the analysis of experimental
results reported in Refs. [4,20,24,25] leads to the conclusion [26] that there is no convincing experimental
evidence of photofluidization. Instead, it is pointed out that the phenomenological orientation

Nanomaterials 2019, 9, 352; doi:10.3390/nano9030352 www.mdpi.com/journal/nanomaterials

http://www.mdpi.com/journal/nanomaterials
http://www.mdpi.com
https://orcid.org/0000-0001-7342-4013
https://orcid.org/0000-0003-2316-780X
http://www.mdpi.com/2079-4991/9/3/352?type=check_update&version=1
http://dx.doi.org/10.3390/nano9030352
http://www.mdpi.com/journal/nanomaterials


Nanomaterials 2019, 9, 352 2 of 19

approach based on the effective potential provides results in a good agreement with experimental
data for photodeformation of azobenzene-containing polymers [27–34]. The main conclusion of
those papers is that reorientation of chromophores (via trans↔ cis cycles) and subsequent polymer
chains movements can produce strong stresses in an azo-polymer system, sufficient to generate
lasting deformations in glassy phase observed in experiments [35,36]. The effective orientation
potential can be applied to study the reorientation kinetics, deformation and mass transport of
a large variety of azo-materials, e.g., amorphous, liquid-crystalline and cross-linked polymers,
azobenzene-functionalized dendrimers and brushes and many others (see Ref. [37] and literature
cited therein). Recently, the orientation approach is justified by a theoretical analysis of kinetics of
photoisomerization and time evolution of ordering in azobenzene-containing materials [37].

Those studies are oriented towards the physical origin of the deformations, which enable the
motion of the polymer chains. On the other hand, the characterization of the resulting dynamics
of the chains is, at best, at its very early stage. Some preliminary studies of this aspect of SRG
formation are reported in Refs. [11,17–19] (see Ref. [38] for more details). We have proposed a
generic stochastic Monte Carlo (MC) Bond Fluctuation Model (BFM) [39] of the photoinduced mass
transport in azo-polymers [38], which mimics the effects of multiple photoisomerization cycles of
functionalized dyes in a host polymer matrix, in the presence of spatially inhomogeneous light
illumination. The model does not break, on the “microscopic” level, the left–right symmetry along
the direction of light modulation. Nevertheless, it correctly reproduces experimental effects such as a
directed mass transfer from bright to dark places and the fine structure of SRG—an effect observed
but either not discussed [40] or disregarded [41]—as well as the theoretical relation between the
velocity v(x) of center of mass (CM) of a polymer chain and gradient of the light illumination I(x):
v(x) ∝ − dI(x)

dx , postulated on the macroscopic level [7,8,12,13]. Nevertheless, the “microscopic” origin
of the photoinduced directed motion remains unclear, in part because of lack of knowledge about
motion of single functionalized polymer chains illuminated with polarized laser light.

MC dynamics in the bulk of such a system is the combined result of dynamics of single chains,
modified by steric interaction due to neighbouring chains in a dense system. Thus, the first step
towards a characterization of this motion is an attempt to decompose it into simpler but important
motions of single chains. Three main topics arise in this context: (i) classification of the dynamics in
dense system (bulk) at constant illumination; (ii) classification of the dynamics of functionalized single
chains at constant illumination; and (iii) classification of the dynamics of functionalized single chain in
the presence of its gradient. They constitute the objectives of this study.

We point out that there is also another aspect to this study. Namely, if a sound physical picture
of the dynamics of single chains emerges, then it might constitute a reliable starting point for the
construction of simple models of physical phenomena where photoinduced mass transport of azo-dye
functionalized polymers plays the central role. This topic is discussed in the last part of the paper.

2. Materials and Methods

The object of main interest in this study is a polymer chain functionalized with azo-dyes (e.g., DR1,
see Figure 1 (left)) in the presence of spatially inhomogeneous light illumination used for an inscription
of SRG in DTWM experiment (see Figure 2). The intensity IL of light linearly polarized along z-direction,
propagating in the y-direction, varies along the x-direction: IL = IL(x). The transition rate p for
trans→ cis reaction reads p(x, θ) = α IL(x) cos2 θ, where θ stands for an angle between the long axis
(transition moment) of trans molecule and the direction of light polarization; the coefficient α accounts
for the probability of a photoisomerization reaction in a single act of photon absorption [1]. In what
follows, we use the parameter I(x) = α IL(x), referred to, for simplicity, as (reduced) light intensity.

In the next subsections, we describe the model of a functionalized chain (model material) and the
methods used to study its kinetics/dynamics, promoted by multiple trans↔ cis photoisomerization
cycles of azobenzene dyes attached to the chains.
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Figure 1. DR1 dye attached to the polymer chain (left) and model of chain with dyes, based on bond
fluctuation model (right). Dyes nearly perpendicular to the light polarization direction do not undergo
photoisomerization transition.

x z y
Figure 2. Illumination setup for Degenerated Two Wave Mixing inscription (DTWM) of SRG.

2.1. Polymer Chains Functionalized with Azo-Dyes: Bond Fluctuation Model

Classic Monte Carlo Bond Fluctuation Model in two [42] as well as in three dimensions [39] is
one of the most successful statistical physics models of polymer systems. It is a non-specific lattice
model for coarse-grained polymer chains, originating from bead-spring model [43,44], which combines
methodological simplicity with powerful prediction capabilities. It reproduces a large variety of static
and dynamic effects in dense polymer systems, e.g., interdiffusion [39], reptation dynamics [45,46],
layers of polymer chains end-grafted placed on surfaces [47–49], wetting phenomena [50–52],
and glass transition in two-dimensional polymer melt [53] (a more detailed review can be found
in Refs. [54–56]). BF model was also used by our group for modeling nonlinear-optics effects
in host (polymer matrix)–guest systems, e.g., dynamics of inscription of diffraction gratings in
DNA-based materials [57,58], and in conventional polymer matrices [59,60], inscription of Surface
Relief Gratings [38], photomechanical effect [61], second-harmonic generation in poled polymers [62]
or all-optical poling of azo-dye guest molecules in polymer matrix [63].

In BFM framework [39], each polymer chain is a system of N monomers (representing Kuhn
elements) on a simple cubic lattice, connected by bonds. The multitude of bond lengths and angles
offers a discrete representation of the continuous-space behavior of real polymer solutions and melts.
Six non-equivalent bond orientations with bond lengths equal (in lattice constants) to 2,

√
5,
√

6, 3, 3,
and
√

10 are used. The corresponding bond stretching energies Ei (i = 1, . . . , 6) are expressed in the
form Ei = E0 εi, where parameter E0 sets an energy scale. In BFM only two values for the energies of
the bonds are used: εi = ε = 1 for the first three bond lengths, and εi = 0 for the remaining lengths.
The energy E0 defines the reduced temperature T∗ = kBT/E0, where kB stands for the Boltzmann
constant and T for absolute temperature.
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Bond fluctuation model was modified by us [38] to account for the functionalization of a polymer
chain with azobenzene dyes. The dyes in trans state are assumed to be strictly perpendicular to the
bond (Figure 1 (right)).

Two kinds of polymer systems were simulated: (i) single polymer chain system; and (ii) dense
polymer matrix. Single polymer chain system, which played the central role in this study, is a statistical
ensemble of N0 = 103 independent polymer chains placed on a Vp = 300× 300× 300 simple cubic
lattice. In the initial state, center of mass of each chain is placed in the center of the system. While the
detailed results are reported for chains with N = 25, a summary of the results for various values of
N is also given. The MC simulations were performed at reduced temperature T∗ = 0.25, close to the
glass temperature T∗g [63]. The polymer matrix system played a minor role in this study and we report
here the results calculated on the basis of earlier massive simulations [38] for slightly shorter chains
(N = 20) at slightly higher temperature T∗ = 0.3. The matrix contains M = 24,000 polymer chains
placed on a Vp = 200× 200× 200 simple cubic lattice, which corresponds to a dense polymer melt at
reduced density ρ = 8 M N/Vp = 0.48 [39].

2.2. Monte Carlo Simulations of Functionalized BFM Chains

The polymer chains (single or matrix) are in thermal equilibrium at temperature T in the absence
of light illumination. The typical configurations can be sampled using Metropolis Monte Carlo (MC)
algorithm [64]. To this end, an instantaneous configuration with energy Eold undergoes a trial change
(trial movement) which yields a trial configuration with energy Enew. The Metropolis rule accepts
the trial configuration as a member of a set of typical equilibrium configurations at temperature T
with probability equal to the smaller value of two expressions: 1 and e−(Enew−Eold)/(kBT). One MC step
(MCS) corresponds to a sweep of trial movements over all the monomers and sets a unit of MC “time”
t measured in the number of MCS.

In a single MCS each of the monomers performed two kinds of trial movements: driven by thermal
fluctuations and non-thermal one, resulting from the interaction with light. The former, performed
along one of randomly chosen three directions x, y, z, has unit length. It is accepted if the following
three conditions are fulfilled [65]: (i) a length of a trial bond does not violate imposed restrictions; (ii)
steric constraints are obeyed; and (iii) the Metropolis acceptance rule does not reject the movement.

Non-thermal trial movements of the monomers reflect the effects of light–matter (polymer
chains) interaction. They mimic, in MC simulations, the action of Newtonian forces and torques
on the monomers, resulting from trans ↔ cis photoisomerization cycles of azo-dye molecules.
The corresponding generic model, introduced in our paper [38], was used without any modifications
in this study, because the objective was to get a deeper insight into the mechanisms that promote
light-driven transport of functionalized polymers, reported in the framework of this particular model.
It mimics the mechanical impact of trans → cis transition by granting an additional, non-thermal
trial movement (of unit length along one of the three directions x, y, z) to the monomer closest to the
dye, with probability per unit MCS equal to reduced local light intensity I(x). The trial movement
of the monomer is accepted if Conditions (i) and (ii) formulated above are satisfied. The Metropolis
acceptance rule (Condition (iii)) is not taken into account because the trial movement is not driven
by thermal fluctuations—the typical thermal energy at room temperature kBT ≈ 3× 10−2 eV is much
smaller than typical energy (a few eV) of light quanta that trigger the photoisomerization transition.

The original model [38], which plays a role of a “minimal” model of light-induced transport
of azo-polymers, uses some simplifications in modeling of the photoisomerization cycles. Firstly,
it does not account directly for the kinetics of cis → trans transitions: after the photoisomerization
transitions the molecules return to trans states. This choice was motivated by the fact that taking into
account cis → trans transitions introduces an additional parameter to the model [66], which gives
rise to another temporal scale but, on the other hand, does not modify the effect of mass transport
in a qualitative way. Secondly, the angular dependence of the transition rate—term cos2(θ)—was
replaced by a step function with value 0 for a small interval of angles around θ = π/2: π/2− δ <
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θ < π/2 + δ (δ << 1) (see Figure 1 (right)); for the remaining angles, the step function has value
1. This choice was motivated by the fact that cos2 θ is close to 1 in some interval of angles around
θ = 0 and is small in some interval around θ = π/2. In the lattice model, the angles θ form a
discrete set. The choice of δ from Ref. [38] corresponds, in a continuous model, to a deactivation of
photoisomerization transitions for the chromophores with δ < 18◦. To summarize, the transition rate
p(x, θ) is either I(x) < 1 or 0; the latter applies only when the dye in trans state is strictly perpendicular
to the light polarization direction.

The selection of the correct length of MC simulation run is crucial since, in general, the type of
dynamics of a polymer chain depends on the time interval [43]. The current project was oriented
towards the dynamics of polymer chains during the process of inscription of SRG which, according
to our previous study [38], requires about 5× 104 MCS. Thus, the same MC interval was used in
this study.

2.3. Characterization of the Displacement of the Chain

In this paper, we characterize the types of MC dynamics of single chains promoted by various
types of light illumination. In what follows, we refer to MC dynamics as dynamics. We analyzed
the simplest, but nevertheless informative, characteristic, namely the motion of CM of polymer
chains. The procedure is as follows. Center of mass of a chain performs a kind of random
walk. The vector~r(CM)

1 (t) of CM of a single chain is calculated after each MC step. This random
walk is characterized by the square of the displacement of CM from the initial position at t = 0:(

∆~r(CM)
1

)2
(t) =

(
~r(CM)

1 (t)−~r(CM)
1 (0)

)2
. Since this parameter strongly fluctuates, we repeated the

simulations for a statistical ensemble consisting of N0 = 103 independent chains and thereafter

averaged single squared displacements
(

∆~r(CM)
i

)2
(t), i = 1, . . . , N0, over this ensemble to obtain the

square of the displacement of CM
(

∆~r(CM)
)2

(t), which characterizes the random walk of a single chain:

(
∆~r(CM)

)2
(t) =

1
N0

N0

∑
i=1

(
∆~r(CM)

i

)2
(t). (1)

A similar procedure was applied to the polymer matrix; the averaging was performed over all the
chains in the matrix.

In the case when the log-log plot of (∆~r(CM))2(t) against t is linear, a power law with an exponent
γ is present: (

∆~r(CM)
)2

(t) ∝ tγ. (2)

In what follows, we skip, for the sake of simplicity, the symbol (CM), and use the notation (∆r)2

instead of (∆~r)2.

3. Results

3.1. Anomalous Dynamics: Bulk

To gain some insight into the type of local light-intensity-dependent dynamics of the chains, we
studied the displacement (∆r)2(t) at constant illumination I = I0. The results are shown in Figure 3.
The log-log plot of (∆r)2(t) against t has a linear character, which implies the presence of a power law.
For sufficiently low values of I0, the system undergoes a sub-diffusion. In particular, a purely polymeric
system without illumination shows, as expected [43], a sub-diffusion behavior, with γ ' 0.61. With
increasing intensity, exponent γ increases and the diffusion becomes normal (γ = 1) for intensity
I0 close to 0.5. For still higher intensities, one finds γ > 1, which corresponds to super-diffusion.
This light-dependent crossover between all three types of diffusion is briefly discussed in Section 4.
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The typical trajectories of CM, corresponding to sub-diffusive and super-diffusive motions, are shown
in Figure 4—the former is localized in a small volume of the system while the latter displays diffusive
as well as ballistic types of motion.
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Figure 3. Plot of exponent γ (Equation (2)) as function of the reduced light intensity I0, calculated
from the plots of ln〈(∆r)2〉 against ln t (Inset). Constant illumination. Error bars are of a size of
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Figure 4. Exemplary trajectories of CM of chains for different illumination intensity, I0 = 0.85 and
I0 = 0.02, for a system with constant illumination.

3.2. Anomalous Dynamics: Single Chains

3.2.1. Homogeneous Illumination

Complex behavior observed in the bulk at constant illumination has its origin in complex
dynamics of single chains at constant illumination. Figure 5a,b shows the projections of CM of
103 chains onto x− y plane at the end of the simulation (5× 104 MCS) for I0 = 0.0 (no illumination)
and I0 = 0.2, respectively. In the first case, the CM are localized in a small volume while the end
positions of CM for non-zero intensity display a large scatter amounting to at least 25% of linear size
of the system. The x− y projections of corresponding exemplary trajectories are shown in Figure 5c,d.



Nanomaterials 2019, 9, 352 7 of 19

In the absence of illumination the trajectory is well-localized. An unexpected result is that at low value
of illumination (I0 = 0.2) the trajectory is very different from its counterpart in the bulk (Figure 4) and
bears a qualitative similarity to a spatially extended bulk trajectory for I0 = 0.85. In particular, two
regions of diffusive-like motion are separated by ballistic-like motion. The log-log plots of displacement
(∆r)2(t), shown in Figure 5e, were analyzed using linear fits in the last 4.5× 104 MC steps for various
values of I0. Plot of exponent γ as function of I0 (Figure 5f) displays similar qualitative features as
its bulk counterpart (Figure 3), but the threshold intensity which separates the sub-diffusive and
super-diffusive regimes is much lower. Actually, the sub-diffusion occurs only at very low values of I0.
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Figure 5. Projection of CM of 103 chains onto x − y plane for I0 = 0.0 (a) and 0.2 (b) at the end of
the simulation for homogeneous illumination (∇I = 0). Projection of a typical trajectory onto x− y
plane for I0 = 0.0 (c) and 0.2 (d). Log-log plot of (∆r)2(t) for I0 = 0.0 and 0.2 (e). Plot of exponent γ as
function of intensity I0 for homogeneous illumination (f).

Exponent γ depends on the temperature. Figure 6 shows the plot of γ(T∗) in the absence of
illumination (I0 = 0). In the glassy phase γ < 1, and it increases nearly linearly with temperature;
above the glass transition temperature another regime sets in, with a weaker increase of this exponent,
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which becomes close to γ = 1. Thus, a crossover from sub-diffusion at low temperature to normal
diffusion at high temperature is observed. On the contrary, the standard deviation σr of displacement
of CM (Figure 6) does not mark this crossover.
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Figure 6. Temperature dependence of exponent γ (red full circles, left axis) and standard deviation σr

of displacement of CM of chains (white circles, right axis) for a system of single chains in the absence
of illumination.

3.2.2. Inhomogeneous Illumination

As expected, the dynamics of chains at constant illumination is isotropic in the space—no chosen
direction of motion is present. The driving force for directed motion results from inhomogeneity of the
illumination. To ascertain its impact on the dynamics of displacement of CM, we studied linear in x
light intensity along the x-axis:

I(x) = I0 −∇I (x− x0), (3)

where x0 denotes center of lattice in the x direction (x0 = 150) and I0 = I(x0) is the intensity offset.
The coefficient of proportionality ∇I ≡ ∂I

∂x is referred to as gradient, because in the illumination setup
used in this study the only non-zero component of gradient of light intensity is its x-component.

The effect of light-gradient-driven directed movement of polymer chains from bright to dark
places is shown in Figure 7, which displays the x− y projections of CM of polymer chains at the end of
the simulation. Intensity offset I0 is fixed. When the gradient vanishes (Case (a)) the distribution of CM
is isotropic around the center of coordinate frame. When the gradient becomes non-zero a systematic
shift to the right appears (Case (b)). For still larger values of the gradient, the distribution becomes flat
around x = 170 (Case (c)). This effect reflects the fact that I(x) vanishes at this point, and the directed
movements of all the chains which have reached this point suddenly stop. The dependence of this
shift, defined as average (over chains) < xend > position of CM at the end of simulation, on intensity
gradient is presented in Figure 7d. Two regimes are present. The first one corresponds to a linear
increase of the shift:

< xend >∝ ∇I. (4)

Since < xend > divided by the time of the motion is the average velocity < vCM > of the CM of
the chains, we found that

< vCM >∝ ∇I. (5)

This result is briefly discussed in Section 4. The second regime, where < xend > is approximately
constant, results from the above discussed vanishing of the gradient and does not correspond to any
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new dynamical effect. An exemplary trajectory of CM during the illumination period (as well as initial
and final configurations of the chain) in the first regime is shown in Figure 7e. It displays, on a large
scale, a linear character superimposed, on much shorter scales, with some kind of random walk.
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Figure 7. Projection of CM of 103 chains onto x− y plane at the end of the simulation for I0 = 0.2 and
∇I = 0 (a), ∇I = 0.005 (b), and ∇I = 0.01 (c). Red lines are plots of I(x), Equation (3) (right axis).
Plot of averaged position < xend > of CM and its standard deviation (d). Exemplary initial (t = 0, blue
circles) and final (t = 5× 104 MCS, red circles) configurations of the chain and trajectory of CM during
illumination phase (green points) for I0 = 0.2 and ∇I = 0.005 (e).

Impact of intensity offset I0 on directed displacement driven by constant intensity gradient
(∇I = 0.005) is characterized in Figure 8. When the offset is missing (Figure 8a), the directed motion is
weak and the spread of CM at the end of the illumination period is small. Non-zero intensity offset
I0 = 0.2 enhances both parallel (along gradient of intensity) and perpendicular motions (Figure 8b).
For still larger values of the offset, I0 = 0.05 (Figure 8c), the isotropic motion starts to suppress the
average directed motion. This enhancement/attenuation effect is summarized in Figure 8d, which
shows that: (i) the plot of < xend > in function of I0 has a maximum; and (ii) its standard deviation
increases, suppressing the average directed motion.

Since the gradient of light intensity is non-zero only in x direction, it is reasonable to study the
scaling of the mean square displacement of CM with time separately for x (parallel) and y, z (transverse)
directions. Instead of Equation (2), we have

(∆x)2(t) ∝ tγx , (∆y)2(t) ∝ tγy , (∆z)2(t) ∝ tγz . (6)

Figure 9 (left) shows the plots of exponents γx (black circles) and γy,z (red squares) in function
of intensity offset I0. As expected, γx 6= γy ≈ γz. Parallel motion of CM is super-diffusive; γx

decreases linearly as offset intensity increases. We ascribe this effect to the competition between
purely directed motion driven by the gradient of the intensity and isotropic motion in the absence of
gradient of illumination. When the value of offset I0 increases, the contribution of directed motion to an
overall motion decreases—for large values of I0, we found γx ≈ 1.25, which is close to γ for constant
illumination (see Figure 5f). This interpretation is supported by the fact that, for large values of I0,
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the three exponents have similar values: γx ≈ γy ≈ γz. Rather surprisingly, the transverse motion
also displays super-diffusive motion. Figure 9 (right) shows the dependence of the exponents on the
gradient of intensity∇I for I0 = 0.5. For very low gradients, the exponents are again approximately
equal. The exponents for transverse motion are weakly dependent on∇I, while γx increases linearly
with∇I. This increase reflects the enhancement of the role of directed motion in comparison with an
isotropic motion.

x

0.0 0.2 0.4 0.6 0.8 1.0
120

130

140

150

160

170

180

190

< 
x en

d>

 I0

T*=0.25
N=25

I= 0.005

0 50 100 150 200 250 300
0

50

100

150

200

250

300

y

x

I0=0.5
I=0.005

0.0

0.2

0.4

0.6

0.8

1.0

lig
ht

 in
te

ns
ity

 I(
x)

0

50

100

150

200

250

300

y

I0=0.2
I=0.005

0.0

0.2

0.4

0.6

0.8

1.0

lig
ht

 in
te

ns
ity

 I(
x)

0

50

100

150

200

250

300

y

I0=0.0
I=0.005

0.0

0.2

0.4

0.6

0.8

1.0

lig
ht

 in
te

ns
ity

 I(
x)

(a) (b)

(c) (d)
x

0                                                 300

Figure 8. Projections of CM of 103 chains onto x− y plane at the end of the simulation for constant
value ∇I = 0.005 and I0 = 0 (a), I0 = 0.2 (b), and I0 = 0.5 (c). Red lines are plots of I(x), Equation (3)
(right axis). Averaged displacement of CM of chains in x direction and its standard deviation as
a function of I0 (d).
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3.2.3. Role of Chain’s Length

One expects that the length of the chain can modify the type of its dynamics. Figure 10
characterizes the end positions of CM of chains with lengths N = 5, 25 and 60 (Figure 10a–c,
respectively) for I0 = 0.2 and ∇I = 0.005. Those results are summarized in Figure 10d, which
shows the plot of < xend > in function of N. A rather unexpected result is that this displacement is
weakly dependent on chain’s length. On the contrary, its standard deviation systematically decreases
as N increases, which corresponds to a more compact localization of positions of CM presented in
Figure 10a–c.
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Figure 10. Projection of CM of 103 chains onto x− y plane at the end of the simulation for I0 = 0.2,
∇I = 0.005 and different number of monomers: N = 5 (a); N = 25 (b); and N = 60 (c). Averaged
displacement < xend > of CM of chains in x direction and its standard deviation as a function of N (d).

Scaling of (∆r)2 with time, characterized by exponent γx, Equation (6), leads to interesting
observations. Figure 11a shows the plots of γx(N) for three characteristic cases: systems without
illumination (I0 = 0,∇I = 0, black crosses), with constant illumination (I0 = 0.2,∇I = 0, blue
circles) and with both offset illumination and gradient (I0 = 0.2,∇I = 0.005, red squares)—the latter
corresponds to data shown in Figure 10.

In the absence of illumination, a sub-diffusive regime is present: γx < 1 and it decreases as N
increases. This kind of behavior is well-known in polymer physics [43]. The black solid line, which is
the plot of the function

γx ∝ N−1/2, (7)

reasonably reproduces simulation data. We point out that Equation (7) characterizes the motion of CM
of polymer chains in Zimm model [43], which takes into account hydrodynamic interactions.

Constant illumination promotes, in general, a super-diffusive motion, but the dynamics of short
chains (e.g., with N < 10) is close to that of a standard diffusion. For longer chains (e.g., N > 40)
exponent γx becomes weakly dependent on chain’s length. Finally, in the case when both offset and
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gradient of illumination are present a new effect appears. Namely, the value of γx for the longest chains
becomes close to 2, which corresponds to the ballistic diffusion. The origin of this effect is as follows.
Figure 11b,c show the histograms of instantaneous positions of CM of chains during simulations
for homogeneous illumination with I0 = 0.2 and inhomogeneous illumination with ∇I = 0.005,
respectively. In the former case, a symmetric dispersion of CM positions is present, while, for a system
with intensity gradient, a systematic drift is present in addition to the dispersion. The superposition of
the drift and dispersion promotes a nearly ballistic motion.
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Figure 11. Exponent γx as function of chain’s length N for the system without illumination (black
crosses), homogeneous illumination with I0 = 0.2 (blue circles) and inhomogeneous illumination with
∇I = 0.005 (red squares). The black solid line fits the data using function N−1/2 (a). Histograms of
instantaneous positions of CM of chains during the illumination phase for homogeneous illumination
with I0 = 0.2 (b) and inhomogeneous illumination with ∇I = 0.005 (c).
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3.3. Continuous Time Random Walk Model for Inscription of Surface Relief Grating

The results presented above give a firm ground to establish a physical picture of the dynamics
of polymer chains in the process of SRG inscription as corresponding to a dynamic coexistence of
local sub-diffusive, diffusive and super-diffusive regimes. This, in turn, offers a possibility of a simple
stochastic modeling photoinduced mass transport in polymer physics and, in particular, nonlinear optics
phenomena in host–guest systems. In what follows, we propose such a “toy” model of inscription of SRG.

Anomalous dynamics can be studied using either fractional diffusion equations or Continuous
Time Random Walk (CTRW) [67]. We use the latter, which is a non-trivial generalization of a standard
random walk with Levy α-stable distribution of jumps in space and a one-parameter (β) Mittag–Leffler
distribution of waiting times between the jumps. The squared displacement has scaling form [67]:

(∆r)2(t) ∝ t−δ, δ =
2β

α
. (8)

The model reduces the motion of chains in 3D to the motion of a system of independent walkers on
a line (see Figure 12a). Each walker represents the CM of a chain and performs CTRW with α = 2—the
jumps along x-axis are then distributed according to the gaussian probability density. In this case,
the type of an anomalous dynamics depends on value of parameter β: it is sub-diffusive for β < 1,
diffusive for β = 1 and super-diffusive for β > 1. This classification coincides with its counterpart
based on parameter γ. Thus, we put

β = γ. (9)

Since γ = γ(x), our model corresponds to a modification of CTRW for a system of independent
walkers with parameter β which depends on an actual position of the walker. We studied a system
of 106 walkers on an interval of x-axis, which corresponds to a full period of sinusoidally modulated
intensity I(x) (Figure 12a), typical for DTWM inscription of SRG. For simplicity, we modulated
parameter β(x) accordingly (see Figure 12b). We chose β(x) ≤ 1, motivated by values of γ found for
the bulk system (Figure 3). Random walks were generated using Monte Carlo approach proposed
in Ref. [68]. Exemplary trajectories for a few values of parameter β(x) are shown in Figure 12c.
The trajectory which starts from x = 25 (which corresponds to the maximum of β and also to the
maximum of the illumination) moves away towards less illuminated regions, in agreement with
experimental observations. The trajectories corresponding to sub-diffusive regime display a large
amount of dynamical arrest.

The results of MC simulations of the density ρ(x, t) of the walkers in the neighborhood of point x
at time t are presented in Figure 13. We found, in agreement with the experimental observations, that
the walkers (“polymers”) move away from bright places and move towards dark places. Surprisingly,
the model reproduces the fine structure (two sub-peaks) of the main density peak, as found in
experiments [40,41] and in MC modeling [38]. The fine structure is a transient effect, corresponding
to one of the scenarios discussed in Ref. [38]. A more detailed report on stochastic modeling will be
presented elsewhere.
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Figure 12. Independent CTRW walkers on a line (a). Spatial modulation of parameter β = β(x) of
Mittag-Leffler distribution of waiting times (b). Exemplary trajectories for a few walkers performing
CTRW with α = 2 and β = β(x) (c).
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Figure 13. Temporal evolution of density ρ(x, t) of system of walkers performing CTRW with α = 2
and β = β(x). See text for more details.

4. Discussion

A partial, rather technical discussion of the results accompanies the presentation of the results.
Here, we discuss them in a wider context.

We characterized the types of Monte Carlo dynamics of photoinduced motion of model polymer
chains functionalized with azo-dyes using a kinetic Monte Carlo model introduced in our earlier
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paper [38]. We implemented the lattice bond fluctuation model, used extensively in the simulations
of polymer systems. The length of MC runs corresponded to the typical period of MC inscription of
model SRG [38]. It is imperative to point out that the results of current study cannot be extrapolated
onto arbitrary long MC “time” intervals.

The most important, rather unexpected, result is that the chains—single as well as their
assembly—can display sub-diffusive, diffusive and super-diffusive regimes of motion, depending on
the parameters of illumination. The types of diffusion—normal or anomalous—are characterized by
an exponent γ in the power-law dependence of the average squared displacement of the center of mass
of a chain on MC “time”, see Equation (2). For constant illumination, a crossover from sub-diffusion
(γ < 1) to super-diffusion (γ > 1) takes place at some threshold value of light intensity; no directed
motion was found. Super-diffusion is stronger for a single chain than for an assembly of chains. On the
contrary, the directed motion of the chains results from an inhomogeneous illumination and it is
always super-diffusive in the direction of the gradient. The motion in perpendicular direction can be
sub-diffusive, diffusive or super-diffusive.

We quantified, to some extent, the relations between the displacement of the chain and the light
illumination. Namely, the distance covered by the center of mass of a chain in the simulation is, on
average, proportional to the gradient of illumination. The relation v ∝ − dI

dt , found previously for a
system of polymers [38], holds also for single chains. When both constant offset of the illumination
and the gradient of intensity are present, the effect of directed motion becomes weaker. Those results
open the possibility of a quantitative interpretation of experiments in the optical control of single
functionalized nano-particles through light intensity gradients [69]. This study is in progress now—first
results in two dimensions are reported in Ref. [70].

The analysis of the displacement of chains with various lengths yields some rather
counter-intuitive results. In the presence of inhomogeneous illumination, the super-diffusive dynamics
of the center of mass of the chains becomes more pronounced (has larger values of exponent γx,
Equation (6)) for longer chains. In particular, the super-diffusive motion along the intensity gradient
becomes nearly ballistic for sufficiently long chains. On the other hand, in the absence of light
illumination, and in the period of “time” characteristic for the inscription of SRG, γx displays the
dependence on N as in hydrodynamic Zimm model and not as in Rouse model [43].

The qualitative and quantitative results presented in this paper produce a simple but, at the
same time, attractive physical picture of the dynamics of functionalized polymer chains in the process
of inscription of Surface Relief Gratings. Namely, polymer chains in various parts of the system
undergo normal or anomalous (sub- or super-diffusion) dynamics, depending on the local value of
light illumination. Those parts are in a dynamical coexistence. This is, to the best of our knowledge,
the first sound physical model which exhibits, at the same time, spatially separated normal and
anomalous diffusion.

Anomalous dynamics of CM of the chains can be easily modeled using a generalization of
a standard random walk, namely continuous time random walk. We proposed and studied a “toy”
model for inscription of SRG, where the role of the functionalized polymer chains was played by a
system of non-interacting CTRW walkers. This simple model reproduces not only the transport of
mass from bright to dark places but also, rather unexpectedly, a controversial experimental effect:
transient fine structure of SRG, reported also in massive simulations of our MC model [38]. Systematic
studies of CTRW model are in progress now.

The anomalous dynamics of single chains was characterized for various illumination setups.
The next step in a study of a photoinduced dynamics is a detailed statistical analysis of light-induced
transitions of azo-dyes attached to the chain and of the impact of their dynamics on the anomalous
diffusion. This topic, which goes beyond the scope of this paper, is in progress now.
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5. Conclusions

There are two main conclusions of this study. Firstly, the model of light-induced motion of polymer
chains functionalized with azo-dyes introduced in our earlier paper [38] in the context of inscription of
Surface Relief Grating becomes a promising candidate for a more general study of complex dynamics
of light-induced motion of a large variety of azo-materials. Secondly, it becomes evident that models
of light-driven transport of azo-materials based on normal diffusion are inadequate. Instead, more
advanced methods of modeling of anomalous diffusion, e.g., continuous time random walk, stochastic
differential equations, or fractional diffusion equations, should be used.
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