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By means of molecular dynamics simulations we study formation of the wall-to-wall percolation cluster in the solution of decorated nanoparticles in a pore. The model takes into
account photo-switching between unpolar trans and polar cis-isomers of azobenzene. This
leads to either colloidal dispersion of the particles or their aggregation in a polar solvent.
The dynamics of percolation cluster formation is analysed by applying a pulse-like illumination. We found that the wall-to-wall percolation is subject to the competition between
nanoparticles aggregation, wall adsorption and microphase separation of the nanoparticles.
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1. Motivation
The nanoparticles decorated by certain functional groups are very important from the point of view of
their optical, electronic, magnetic and chemical properties [1]. The applications to mention are: drug
delivery, nanoelectronics, information storage, sensors, photocatalysis, development of smart materials,
etc. [2]. Each particular application demands either good dispersion of such decorated nanopaticles
or, vice versa, their micellization, aggregation or self-assembly. Of special importance is controlled
self-assembly, by means of certain external stimulus. One of the ways to provide such control is by
light (see, e.g. Ref. [3]). To this end the chromophoric (e.g. azobenzene, cinnamoyl, diarylethene
dithiophenols, etc.) functional groups are incorporated into the decoration shell of a nanoparticle.
Examples of applications include: photocontrollable micellisation [4, 5], optically switchable devices
[6, 7], networks of nanoparticles with optically switchable conductance [8], etc.
Photocontrollable self-assembly requires certain special conditions. The ﬁrst one: there should be
enough free volume around chromophores to be able to photoisomerise. For instance, such condition
is not satisﬁed for the densely grafted monolayers (involving azobenzene) on a planar gold, but the
condition is met for the case of curved surface of gold nanoparticle of the size of 2 nm [9, 10]. The
second condition is related to the resonance energy transfer between the electrons of a gold nanopaticle
and of the azobenzene. This eﬀect is essentially suppressed by the increase of the length of a polymer
spacer between the nanoparticle and a chromophore [11]. It was found that the photoisomerisation
of chromophores requires a spacer of at least l ∼ 12 methylene units. The third condition for the
photocontrollable aggregation or self-assembly of nanoparticles is the diﬀerence between the properties
of the two isomers of the chromophore such as, for instance, their solubility in a particular solvent.
Photoisomerisation part of the study was supported by DFG grant GR 3725/2-2, molecular network part – by FP7 EU
IRSES projects No. 612707 and 612669
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We will restrict our study to the case of azobenzene-based chromophores. They exist in two states of
trans- and cis-isomer, which are diﬀerent in a number of ways (see, e.g. [12]). In particular, (a) transisomer is mesogenic (can form liquid crystalline phases) and cis-isomer is not; (b) the dipole moment
of trans and cis-isomer could have very diﬀerent magnitude. The diﬀerence in a liquid crystallinity
(a) is related to a prolate shape of trans-isomer and bended shape of cis-isomer, and is so far less
explored for technological application. The diﬀerence in their dipole moment magnitude (b) already
found a number of application. In particular, in the case of 4-alkoxyazobenzene (particular type of the
azobenzene-based chromophore), the dipole moment of trans-isomer is about 1D, whereas it is about
5D for the cis-isomer [13]. Therefore, gold nanoparticles functionalised by such chromophores will
be dispersed under visible (Vis) light in a hydrophobic solvent (e.g. cyclohexane). Upon irradiation
with the ultraviolet (UV) light, the chromophores photoisomerise into polar cis-form and a rapid
aggregation of the nanoparticles is observed [13]. Similar eﬀect was reported for the nanoparticles in
another hydrophobic solvent, toluene [14].
In contrary, in a polar solvent an opposite eﬀect is observed. The nanoparticles aggregate under
Vis light and disperse upon UV illumination [15]. This was reported for the case of a 1 : 3 chloroformethanol mixture, where gold nanoparticles capped with cis-isomers of substituted azobenzene were
maintained in a dispersed state and those capped with trans-isomer coagulated. Similar eﬀect is also
reported by Raimondo et al. [16], they considered gold nanoparticles of three sizes randing from 3 nm
to 30 nm coated by biphenyl type of azobenzene chromophore. In a toluene, the nanoparticles form a
colloidal dispersion when chromophores are in a cis form, or aggregate when these switch to the transform. In this context there is a number of studies related to the photo-switchable nanoconductors based
either on a special type of chromophores forming a percolating network between two walls-electrodes [8],
or based on the composite materials comprising the mixture of chromophores and cabon nanotubes [17].
Therefore, the properties of the aggregates of decorated nanoparticles, and the possibility of percolation
cluster formation, are of great technological importance.
The aim of the current paper is to model the dynamics of nanoparticles aggregation when conﬁned
within a nanopore with modiﬁed walls. The model for a decorated nanoparticle has been suggested
and studied earlier [18–20] for the case of no illumination. The explicit trans-cis photoisomerisation for a coarse-grained model of azobenzene is discussed in a recent paper [21]. Here we combine
both approaches. The modiﬁcation of the walls promotes attraction to them the trans-isomers of the
nanoparticles shell and, as the result, adsorption of the nanoparticles. The aggregation/deaggregation
of nanoparticles inside a bulk of a pore is controlled by the choice of interaction potentials. According
to the diﬀerence (a) between the trans- and cis-isomers (see, above), the trans-trans interaction is set
to be attractive, whereas cis-cis and trans-cis are soft repulsive. The diﬀerence (b) between the isomers is reﬂected in their respective interaction with a polar solvent: trans-solvent pairwise interaction
is repulsive, whereas cis-solvent – attractive. More details on a model and simulation approach are
provided in Sec. 2, main results concerning the formation of a percolation cluster are to be found in
Sec. 3, conclusions are provided in Sec. 4.

2. The model
The coarse-grained model for a decorated nanoparticle used in this study is the same as in a number
of previous papers [18–20]. It comprises a spherical core bead functionalised by Nch chains each
terminated by a chromophore, see Fig. 1. The diameter of a core bead is chosen to be 2.14 nm, providing
high enough curvature of its surface to avoid the eﬀect of steric hindrance for the chromophores [9].
Each spacer consists of 4 smaller soft spherical beads of the diameters 0.623 nm (the one adjacent to
the core bead) and 0.459 nm (the rest ones). Each spacer bead represents a group of approximately
3 hydrocarbons, resulting in an equivalent spacer length of about 12 hydrocarbons. According to
Ref. [11], at this spacer length a negligible suppression of the chromophores photoisomerisation takes
place relatively to the case of free chromophores. Both trans and cis-chromophores are modelled as
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soft spherocylinders of the same breadth of D = 0.374 nm and the elongation of L/D = 3 but diﬀer
by means of their pair interaction potential.

Fig. 1. Generic coarse-grained model for
decorated nanoparticle. Central core is
shown in pink, spacer – in gray, terminating
mesogen unit – as a blue spherocylinder.

Fig. 2. SRP for the cases of equal and unequal beads dimensions, σ1 and σ2 , and SAP for the case σ1 = σ2 , d′ is reduced
separation between two cores, U – the energy scale (see, respective marking in the ﬁgure).

Two general forms for a pairwise interaction potential are used in this study: soft repulsive potential
(SRP) and soft attractive potential (SAP). Both are deﬁned in respect to the convex cores of the beads,
in a context of Kihara [22]. Namely, the convex core for a spherocylinder is a line that connects the
centers of its spherical caps, whereas for the sphere it reduces itself into its center. If rij is the vector
that connects the centers of ith and jth beads and b
ei and b
ej are their orientations [these are omitted
for spherical bead(s)], then the set qij = {b
ei , b
ej , rij } fully characterizes the mutual spatial position
of the ith and jth pair. One can deﬁne then the shortest distance vector d(qij ), which connects two
nearest points between the cores of ith and jth particles. We use the shifted SRP of the following
general form

′ −1
U,
d′ (qij ) < σij


i2
 h
′ + 1] , σ ′ − 1 6 d′ (q ) 6 σ ′ ,
U 1 − [d′ (qij ) − σij
ij
V SRP =
(1)
ij
ij



′
0,
d′ (qij ) > σij

′ = (1/2)(σ + σ )/σ is scaled touching
where d′ (qij ) = d(qij )/σ0 is scaled shortest distance and σij
i
j
0
dimension. For the chromophore beads σi ≡ D. Scaling factor σ0 has a meaning of a dimension of a
soft repulsive shell on the surface of each bead. Namely, for the interacting beads of a same dimension
′ ≡ 1 and Eq. (1) reduces to the form with no plateau part (see
and shape, σ0 = σi = σj , therefore σij
respective curve in Fig. 2). If σi 6= σj , then we choose σ0 equal to the smallest bead in a system. This
′ − 1, whereas having a
renders a large core particle as constantly soft repulsive inside, at (qij ) < σij
shell of thickness σ0 on its surface, where the repulsion decreases quadratically (again, see, respective
curve in Fig. 2). The energy scale is given by a constant U = 70 · 10−20 J.
The general expression for the attractive potential can be written as [21, 23, 24]
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where the dimensionless conﬁguration dependent well depth ε′ (qij ) is obtained from the requirement
that both the potential and its ﬁrst derivative vanish at d′c [23]. This gives the following expression
′

ε (qij ) =

(


i
h
rij · b
ei ) + P2 (b
rij · b
ej )
4 Ua′ − 5ε′1 P2 (b
ei · b
ej ) − 5ε′2 P2 (b

)−1

,

(3)

where b
rij = rij /rij is the unit vector along the vector rij , Ua′ , ε′1 and ε′2 are dimensionless parameters
deﬁng the shape of the potential well, P2 (x) = (3x2 − 1)/2 is the second Legendre polynomial. Again,
′ ≡ 1. Otherwise, for the beads
the expression (2) is simpliﬁed for the case of the same beads, when σij
′
′
of diﬀerent type, the potential is shifted by σij − 1 in respect to d (qij ) (see Fig. 2). The use of the
potentials (1) and (2) for particular bead-bead interaction in our model is discussed in detail in Sec. 3.
Bonded interactions include harmonic bond stretch and harmonic angle bending terms. Bonding
energy per one molecule (decorated nanoparticle) is equal to
Vb =

Nb
X
i=1

kb (li − l0 )2 +

Na
X

ka (θi − θ0 )2 ,

(4)

i=1

where Nb and Na is the number of bonds and angles in one molecule, respectively. The following force
ﬁeld constants are used: bond stretch constant: kb = 50 · 10−20 J/(0.1 nm)2 ; bond lengths: l0 = 1.49 nm
(core bead-to-ﬁrst spacer bead), l0 = 0.36 nm (ﬁrst-to-second spacer beads) and l0 = 0.362 nm (following spacer beads), and l0 = 0.298 nm (last spacer bead-to-the center of the nearest spherical cap of a
chromophore); bending energy constant: ka = 50 · 10−20 J/rad2 ; bending angle: θ0 = π. li and θi are
instant values for ith bond length and ith pseudo-valent angle, respectively.
Following Ref. [21], to model the photo-isomerisable system the simulation combines both deterministic molecular simulation and stochastic photoisomerisation rules. The photoisomerisation changes
trans-tocis and cis-to-trans are deﬁned via their respective probabilities pi (t → c) and pi (c → t):

pi (t → c) = pt (b
ei · bi)2
(5)
pi (c → t) = pc ,
where pt and pc set the transition rates for the respective processes.

3. Results
As already discussed in Sec. 1, the substituted azobenzene chromophores exist that change their dipole
moment magnitude d from almost unpolar (d = 1D) trans-isomer to highly polar (d = 5D) cisisomer [13]. The state of all these chromophores can be changed into cis-form by means of the UV
illumination, whereas they all will be converted back to the trans-form be means of Vis light [8,12,25–
27]. As the result, the decorated nanoparticles in a polar solvent behave diﬀerently in both cases,
namely, the colloidal dispersion is formed for the all-cis case and the aggregation is observed for the
all-trans state [15,16]. The aggregation in the latter case is also enhanced by the liquid crystallinity of
trans-isomers.
To reﬂect these physico-chemical changes on a level of coarse-grained modelling of this study we
choose the appropriate potentials for each speciﬁc bead-bead pairwise interaction:
— trans-isomer–trans-isomer, trans-wall: SAP potential, Eq. (2);
— cis-isomer–solvent sphere: SAP potential, Eq. (2);
— all other combinations: SRS potential, Eq. (1).
The attractive potential between trans-isomers reﬂects their liquid crystallinity, whereas the attractive
(repulsive) potential between a cis-isomer (trans-isomer) and a solvent bead mimics the condition of a
good (poor) solvent condition. The dimensions of the beads have been already provided in Sec. 2, the
Mathematical Modeling and Computing, Vol. 3, No. 1, pp. 33–42 (2016)
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Fig. 3. Snapshots for the all-cis case (left frame) and all-trans case (middle and right frames) at Nmol = 10.
For the latter case both situation of percolation path formation (middle frame) and no percolation path (right
frame) are shown).

energy scale is set by U = 70 · 10−20 J, whereas dimensionless ratios for the SAP are: Ua′ = 1500/70,
ε′1 = 120/70, ε′2 = −120/70 reproducing the “model A” in Ref. [23].
The simulations are performed in the N V T ensemble at T = 400K with the periodic boundary
conditions along X and Y axes and with the impenetrable elastic walls along to Z axis. The dimensions
of the simulation box are: Lx = Ly = 10 nm and Lz = 20 nm. Each wall is decorated by a ordered
layer of immobilised mesogens spaced at the distance of 0.77 nm apart and all oriented along the Z
axis. The layers are introduced to promote adsorption of trans-isomers on each wall. To this purpose
the frozen mesogens are chosen of the same type as the trans-isomers but are not photo-isomerisable.
In this study we consider the case of nanoparticles decorated by Nch = 12 chains and a number of
nanoparticles in a system varies from Nmol = 10 to 52 to vary their density in a solution. The rest
of the simulation box is ﬁlled by a solvent until the desired density of 1.5 g/cm3 is achieved. This is
approximately the density at which the self-assembly of decorated nanoparticles have been examined
in a concentrated solution (melt) state without illumination [18,19,20]. To examine switching of the
self-assembly we apply a pulse-like “illumination” which mimics the UV-Vis repeating cycles. This
has two main reasons: to examine the reversibility of morphology changes during each cycle and to
improve statistics for the averages within each phase of a cycle. We perform 10 cycles, each consisting
of 10 ns-long UV phase followed by 10 ns phase of Vis light illumination. Each type of the illumination
is modelled by choosing the set of transition probabilities pt , pc in transition rules (5). In particular,
during the UV phase we set pt = 1, pc = 0 and during the Vis light phase: pt = 0, pc = 1. These
choices lead to quick turning the system into the all-cis and all-trans state, respectively.
What is observed in each phase is illustrated in Fig. 3 for the case of Nmol = 10. In the all-cis
phase (left frame of this ﬁgure) no adsoption of the nanoparticles on the walls occured. It is easy to
understand, as far as the cis-wall interaction is repulsive (SRP), whereas the cis-solvent is attractive
(SAP), therefore the cis-isomers (and, consequently, the nanoparticles) prefer to stay in the bulk. Now,
in the bulk, the nanoparticles do not aggregate. This occurs, ﬁrstly, due to repulsive cis-cis interaction
and, secondly, due to good solvation of each cis-isomer by a solvent. In the all-trans-phase (middle
and right frames) the reverse is observed. The adsorption of trans-isomers on the walls occurs due
to the attractive trans-wall SAP, resulting in ragging the nanoparticles to both walls. In the bulk,
the trans-trans links are formed due to attractive SAP between them. This eﬀect is ampliﬁed by
the depletion forces between these isomers, due to their poor solubility in a solvent (the trans-solvent
interaction is SRP). This may (as seen in a middle frame of Fig. 3) or may not (as in the ight frame
of the same ﬁgure) lead to the formation of a wall-wall percolating cluster of nanoparticles.
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To analyse the level of aggregation (or, alternatively, clustering) in a system and the existence
of a percolation between two walls we introduce a set of related characteristics. As the ﬁrst step, a
connectivity map conn(i, j) is built for each pair i, j of nanoparticles. The pair is considered to be
connected if two nanoparticles are linked at least by one chain from both parties. To build conn(i, j),
we perform the loop over all pairs of chromophores l, m (where l belongs to ith and m belongs to jth
nanoparticle) and check for their physical crosslinking following a geometric criterion
|(b
el · b
em )| > 0.966,

and rlm < 1.25D,

(6)

which takes into account both the levels of their collinearity and proximity. The second step is, using
connectivity matrix conn(i, j), to build for each ith nanoparticle the neighbors list nn(i) of nanoparticles
that are connected to it. Finally, the third step is to split the system into aggregated clusters. In the
following algorithm, shown in steps, the clusters are indexed by m and at the end each ith nanoparticle
will acquire its host cluster label clust(i):
1.
2.
3.
4.
5.
6.

initiate clust(i) := 0 for all i, set ﬁrst cluster index m = 0;
pick some ith nanoparticle with clust(i) = 0 randomly;
set cluster index m := m + 1, assign clust(i) := m, mark i as the cluster m newcomer;
loop over the array nn(i) for each cluster m newcomers adding them to the newcomer list;
repeat steps 4–5 until no newcomers;
go to step 2.

Alternatively, the Hoshen and Koppelmann [28] algorithm can also be used.
Each cluster is characterised by its size S(m), which is equal to the number of nanoparticles it
cointains. We analyse the reduced characteristics such as: number of clusters Ncls , average cluster size
Sav , maximum cluster size Smax and maximum cluster span in Z-direction (along the normal to the
walls surfaces) Zmax , deﬁned as
Ncls =

hS(m)i
S(m)|max
span in Z|max
# of clusters
, Sav =
, Smax =
, Zmax =
Nmol
Nmol
Nmol
Lz

(7)

In the limiting case of a single percolating network one has: Ncls → 0, Sav = Smax = Zmax = 1, whereas
for the completely unconnected nanoparticles: Ncls = 1, Sav , Smax , Zmax → 0, for large enough Nmol
and Lz .
We average these properties over the all-trans
1
intervals of a phase trajectory only and the result
is shown in Fig. 4. One should note a symme0.8
try of all curves: the values for all characteristics
at Nmol = 10 − 20 are similar to their values at
0.6
Nmol = 40 − 50. That indicates that formation of
the percolation cluster is hindered in both depleted
0.4
Zmax
and overcrowded cases, whereas there is some opSmax
timal interval of Nmol = 20 − 40, where the largest
Sav
0.2
Ncls
maximum cluster (so-called giant component) is
able to be formed.
0
To get more insight on the process of network
10
20
30
40
50
formation,
we analyse also the time evolution of
Nmol
the clustering characteristics shown in Fig. 5. For
Fig. 4. Reduced number of clusters Ncls , average
the case of Ncls (top frame), its value drops from 1
cluster size Sav , maximum cluster size Smax and maxdown
to Ncls ≈ 0 each time following the change of
imum cluster span in Z-direction Zmax averaged over
the system state from the all-cis to all-trans. The
the all-trans intervals of a phase trajectory for the
“quality” of response can be estimated from the
diﬀerent densities of nanoparticles deﬁned by their
number Nmol .
shape of the Ncls changes which, ideally, should be
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Fig. 5. Time-evolution for the number of clusters Ncls (top frame) and the maximum cluster span Zmax (bottom
frame) at various selected Nmol indicated in the ﬁgure. Within the time intervals of 0 − 10 ns, 20 − 30 ns, etc.
the system is in the all-cis state, whereas at 10 − 20 ns, 30 − 40 ns, etc. – in the all-trans state.

square-like and go all the way to the values close to 0 in the all-trans phase. This is so for the case
of Nmol = 34 and, to some extent, at Nmol = 20, whereas at Nmol = 10 and 52 the values Ncls ≈ 0
are not reached indicating a higher degree of clustering. The dynamics of percolation/depercolation
can be examined from the time evolution of Zmax shown in the bottom frame of Fig. 5. As one can
see, this property reaches the value 1 (wall percolation) in the all-trans phases most frequently also at
Nmol = 34. This is reﬂected in the shape of the probability distribution for the maximum cluster span
Zmax shown in Fig. 6, which indicates a high peak at Zmax → 1.

Fig. 6. Histogram for the probability
distribution p(Zmax ) at various selected
Nmol (indicated in the ﬁgure).

Fig. 7. Snapshots showing the all-trans case at Nmol = 34 (left
frame) and Nmol = 48 (right frame).
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Based on these simulation studies, we see the following scenario for the percolating network formation in the solution of decorated nanoparticles. At low nanoparticles density, Nmol < 20, developing
of percolation cluster is hindered by its competition with wall adsorption. Indeed, as far as the wall
beads are arranged regularly and immobilized, their net interaction with the trans-isomers is stronger
than for the trans-isomers between nanoparticles. As the result of a strong adsorption, the number of
available nanoparticles to form a percolation cluster in the bulk is reduced. By increasing the nanoparticles density (Nmol = 20 − 40), the probability of a percolation path formation increases. The question
arises why at the further increase of the nanoparticles density, Nmol = 20 − 40, formation of the percolating network is hindered again. In our view, the explanantion is that in this case, formation of the
network is competing against the microphase separation and, as a consequence, the self-assembly of
nanoparticles. This happens in the concentration solution state, where such self-assembly takes place
for this type of nanoparticles indeed [18–20]. The self-assembled domains at Nmol = 48 can be seen
clearly in the respective snapshot shown in Fig. 7 (right frame), whereas at Nmol = 34 their formation
is not observed. As the result of a self-assembly, the number of available free arms of each nanopaticle
is greatly reduced, aﬀecting the ability to participate in a percolation path formation. This explanation
is also supported by the observation made from the Fig. 5, namely, that the maximum cluster span
Zmax reaches the value 1 most frequently at the ﬁrst instances after the system switches from the
all-cis to the all-trans state. Here the system “remembers” its dispersed state and quickly forms the
network links. As the all-trans state evolves, the microphase self-assembly tendency is brought into
action, resulting in oscillatory behaviour for Zmax , as seen in Fig. 5. This behaviour is the result of
dynamical breakage and reestablishment of the intermolecular links.

4. Conclusions
We developed an approach to study the photo-assisted formation of the percolation cluster of nanoparticles contained within a pore with modiﬁed walls. The pore is ﬁlled by a polar solvent. To enable
photo-controllability of the system, the nanoparticles are decorated by polymer chains each terminated
by the azobenzene chromophore. The pulse-like illumination which alternates the UV and Vis phases
is applied, where the eﬀect of the wavelength aﬀects the rates for the photo-isomerisation in the kinetic
equations. The diﬀerence in a liquid-crystallinity of trans and cis-isomers of azobenzene, as well as
the change of their polarity from the unpolar trans to polar cis is mimicked by a choice of the pairwise
potential interactions.
Under UV illumination (all-cis phase) the colloid dispersion is formed with no aggregation. Under
Vis light the nanoparticles aggregate as the result of strong trans-trans attraction. The quantitative
analysis is performed by evaluation the cluster structure of the system. We found that there is an
optimal nanoparticles density interval for the formation of the percolation cluster. When the density
is reduced, the adsorption on the pore walls suppresses formation of the percolation cluster. However,
when it increases, then the microphase separation of nanoparticles hinders the formation of a single
network.
The study is closely related to photo-controllable nanoconductors and opens up the possibility of a
future analysis, namely: the inﬂuence of the number of chains attached to the nanoparticles, the role
of the details of the nanoparticle-wall and nanoparticle-solvent interactions as well as the size of the
nanoparticle itself. This will be the subject of a future work.
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Фотоконтрольована перколяцiя декорованих наночастинок у порi:
комп’ютерна симуляцiя методом молекулярної динамiки
Iльницький Я. М.1,2,3 , Слюсарчук А. Ю.2 , Саф’яннiкова М.3
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Використовуючи метод молекулярної динамiки, дослiджено формування перколяцiйного кластера у розчинi декорованих наночастинок помiщених у пору. Модель враховує фотоперемикання мiж неполярними trans та полярними cis-iзомерами азобензину, що приводить до або колоїдної дисперсiї або агрегацiї наночастинок у полярному
розчиннику. Динамiка формування перколяцiйного кластера вивчена шляхом прикладення пульсуючого опромiнення. Знайдено, що перколяцiя мiж стiнками пори
залежить вiд конкуренцiх мiж такими механiзмами: агрегацiя наночастинок, адсорбцiя наночастинок на стiнках пори та мiкрофазне розшарування.
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