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he observation of mass transport in

photoisomerizable azo polymers

has generated considerable interest
as a fundamental light-matter interaction
problem.’? Furthermore, the dramatic to-
pography changes induced by the light-
induced mass transport may have applica-
tions to micro- and nanoscale imaging and
lithography. For example, azobenzene-
containing polymers undergo a trans-to-cis
light-induced isomerization and transport
process that has recently been exploited to
image the confined fields at the focus plane
of a high numerical aperture objective lens®
and to image the evanescent fields pro-
duced by nanoscale plasmonic structures
under illumination.* As shown by Hubert et
al.* the topography produced in the poly-
mer film allowed for the direct visualization
of the near-field plasmonic dipole in the
metallic nanostructures for the first time
without using optical scanning probe tech-
niques. The spatial resolution of the topo-
graphic imaging was shown to be approxi-
mately 20 nm. This experiment exemplifies
that, in order to understand and utilize mass
transport in photoisomerizable azo poly-
mers, a model that fundamentally and reli-
ably explains the light-matter interaction
mechanism is needed. A correct model
must work under a wide range of potential
illumination conditions, including propa-
gating or evanescent fields, wide or narrow
wavevector ranges, anisotropic polarization
distributions, etc.

While several models have been pro-
posed (a good review on the models de-
scribing the SRG formation is given by
Lagugné Labarthet et al.®), none are always
successful under this range of illumination
conditions. We first note the primary set of
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ABSTRACT Light-induced isomerization processes in azobenzene-containing polymers produce mass transport

that is of much interest for nanoscale imaging and lithography. Yet, despite the development of numerous models

to simulate the mass transport mechanism, no model precisely describes all the experimental observations. We

develop a new statistical approach that correctly reproduces light-driven mass motion in azobenzene-containing

polymers with a high degree of accuracy. Comparisons with experiments show that our model predicts the

nanoscale topographic modifications for many different incident field configurations, including optical near-

fields produced by plasmonic structures with complex polarization states. In particular, the model allows the

detailed molecular motions that lead to these topographic modifications to be identified.

KEYWORDS: photoisomerizable azo polymers - nanolithography - molecular motion
modeling - mass transport - photochemical imaging - plasmonics

existing models. Barrett et al.’ proposed a
model involving a pressure gradient defor-
mation induced by the free space changes
between the different geometries of trans
and cis isomers. Due to the cis isomer’s
higher free space requirement, viscoelastic
flow is generated in the bright regions, ac-
cording to Navier—Stokes viscosity equa-
tions. This photoinduced viscosity flow
agrees well with surface relief grating (SRG)
experiments.” Yet, the polarization sensitiv-
ity is not well-reproduced, suggesting the
necessity to take into account the azoben-
zene dipole.? Pedersen et al.’ developed a
mean field model based on the interaction
between molecular dipoles. The photoin-
duced alignment of the molecule produced
polymer flow toward the bright regions
due to dipolar attraction between the
aligned molecules. Although the results are
consistent with microcrystallization experi-
ments, the model contradicts observations
for amorphous polymers. Recently, Barada
et al.'®'" proposed a model based on the
semi-implicit moving-particle method.

The azobenzene-containing polymer is
regarded as a viscous fluid, and the
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Figure 2. Calculated topographies for the Gaussian beam with different polarizations to emphasize the a better understanding of

polarization sensitivity. The linearly polarized Gaussian beam (a) gives rise to a strongly asymmetric to-
pography, while the circularly polarized beam (b) produces a symmetric pattern. Excellent agreement with

the experimental results published by Bian et al. is found.'®

molecular motion is related to an optical force gradi-
ent and volume change between trans and cis isomers.
This model gives good results for the SRG generation
and erasure. Later work also reported good agreement
with the near-field-induced modification obtained
through a simple nanoaperture.' However, it does not
account for molecular orientation, so that the photoin-
duced reorientation is not reproduced. Lefin et al.’® de-
veloped an anisotropic diffusion model wherein the
photoisomerization cycles translate the azobenzene
molecules along their long axis. This inchworm transla-
tion model gives a physically appealing interpretation
of the migration mechanism. Yet, in this model, the ori-
entational distribution of the azobenzene is a param-
eter, so that the orientational hole burning observed
during SRG formation cannot thus be reproduced.
More recently, a random-walk model was presented
by Bellini et al.'® While hypotheses and phenomenol-
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Figure 3. SRG formation under P-type configuration; the incident in-
tensity is shown in the top part of (a). The simulated topography in the
bottom of (a) reveals a well-defined SRG. Along with the topography,
molecular orientations were retrieved in (b) for the high intensity re-
gions (bottom SRG) and (c) for the low intensity regions (top SRG) re-
vealing strong photo-orientation.
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the light-induced mass
transport process. We em-
phasize multiscale as-
pects of the model, addressing large-scale mass trans-
port and single-molecule motion mechanisms.
Moreover, we show the potentiality of our model to
predict the topography induced by complex plasmonic
nanostrutures as coupled nanoantennaes. This has sig-
nificant ramifications for the optical control of molecu-
lar motion in soft materials.

RESULTS AND DISCUSSION

Our model (“photoinduced molecular diffusion
model” or PIMD model) is a statistical model relying
on a 3D Monte Carlo approach to describe photoin-
duced molecular motion within the polymer system.
The photoactive azobenzene dye molecule is repre-
sented in Figure 1a. In the experiments, such dye
molecules are grafted to linear chains of PMMA (not
shown here).>#

We work at a constant temperature that is near or
below the glass transition temperature (T,) to allow mo-
lecular displacement and to limit temperature-induced
Brownian motion. The PIMD model is then based on
three fundamental hypotheses concerning the dis-
placement of the azobenzene molecules:

(i) Each dye molecule must absorb a photon to un-
dergo an isomerization. The absorption probability is
given by Paps o | X E|? < |EJ? cos? ¢, with ¢ being the
angle between the direction of the local incident field,
E, and the molecular dipole, ..

(i) The movement of a dye molecule occurs along
the axis of the molecule (identified as the direction of
the molecular dipole) as described by the inchworm
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translation model pro- 2
posed by Lefin et al.’® L is
the average translation
length.

(i) A dye molecule
moves from a hole in the
polymer matrix to another
hole. From a material point
of view, the hole concept
corresponds to an area with
free space available in the
polymer matrix. Then, this
free space induces a lower local density compared to
the maximum density of the polymer film. From a math-
ematical point of view, the hole concept is defined be-
tween two limiting values of the local density of the
polymer film. If the local density is higher (lower) than
a certain value dhign (diow), the translation process is im-
possible. We assume that the probability distribution is
defined by a Lorentzian function of the local density.
Then, a molecule is only allowed to move to a new po-
sition according to a joint probability Py—s = Pa X Pg
formed from a probability for it to leave its current po-
sition P, and one for it to occupy the new position Pg.

Several additional hypotheses are required to ac-
count for the nature of the polymer matrix and the
forces experienced by the azobenzene molecules:

(iv) Short-range interactions (e.g., van der Waals in-
teractions) are accounted for with a random reorienta-
tion of the nearest neighbors in the direction of the
moving molecule.

(v) Long-range interactions of azobenzene mol-
ecules on the same chain are accounted for as follows.
Each time an azobenzene group moves, a random set of
n molecules grafted in the same polymer chain, within
a sphere of radius R, is selected. These molecules are
then randomly reoriented in the direction of the mov-
ing molecule. The grafting density is correlated with n,
and free polymer chain length (correlated with the mo-
lecular weight or the cross-linking density) and radius
of gyration are correlated with R. Note that, to really
take into account the cross-linking density, an addi-
tional condition must be applied to the considered mol-
ecule which will not be allowed to quit the sphere of ra-
dius R.

Figure 1b illustrates hypothesis (i) in the simplified
case of a linearly polarized uniform electromagnetic
field. Molecules oriented along the polarization direc-
tion (e.g., molecules 1 and 2) are more likely to absorb
a photon and thus to undergo a trans—cis—trans
isomerization cycle. Considering the same system, but
with a field intensity gradient (Figure 1c), the absorp-
tion probability for molecules in the high intensity area
(circled zone 1) will be higher than for molecules in
the low intensity area (circled zone 2). For a 3D ideal-
ized case with E; = E,e4 and E, = E,e, (with e, a nor-
malized vector along the polarization direction), the lo-

500nm

(c) simulated topography.
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Figure 4. The “bow-tie” structure consists of two silver triangles produced by electron beam lithography
on a glass substrate. The calculated electric field for this structure is presented in (a). (b) Experimental and

cal electric fields in specific parts of zones 1 and 2,
respectively, the absorption probability is given by

P40, ¢) = ClE |*cos’ Bsin* ¢ k=1,2 (1)

abs

where Cis a constant, and (6,b) define the orientation
of the molecule in spherical coordinates. Considering
an isotropic distribution of molecular orientations
p(6,d), the molecular flux from zone 1 to zone 2 along
the polarization direction ey is given by

Fro= [T [710,8)0(0,$)PL,(6, p)sin 0 dO ds

()
where [(6,b) = L cos ¢ sin 6 is the photoinduced dis-
placement along e,.

3m/2

ST 16, 8)p(0, $)P2.(0, $)sin © d6 ds
3)

F‘»:
21 /2

Firey + Fpy = CL(|E1|2 -
6 [ [ o0, ¢)cos’ O sin® ¢sin 0 do dg (4)

We assume that the molecule displacement occurs
along the vector parallel to the dipole axis. This hypoth-
esis implies that the displacement only occurs in the
forward direction (NO, group, Figure 1a). Considering
forward (/(6,0)) and backward (—1(6,$)) motion equally
probable, the expression of the flux will be

1 /2 7T .
Fra=5 )", [ 10,6)0(6,$)Py,(6,¢)sin 0 dO do

2 2 [ 10, 9060, DPL,(0, Bsin 6 A6 dep

(©)

It clearly appears from eq 5 that the equiprobable
forward—backward displacement does not change the
migration mechanism (Ff_,, = F_,). These simplified
analytical expressions underline the macroscopic ten-
dency of the azobenzene-containing polymer films to
accumulate in the lower intensity regions. Indeed, when
|E1|? > |E,J% the resulting molecular flux (Fi, + Fo1)
proceeds from zone 1 to zone 2 in Figure 1c.

Our first examples are designed to reproduce the
far-field optical experiments obtained with Gaussian
beams,'® or holographic patterns.'”'® To emphasize the
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Figure 5. Optical trapping induced by two mass migrations leading to the formation of one localized
matter accumulation. (a) Iso-contours of the electric field intensity where 1 and 2 are the high intensity re- fields
gions inducing the mass migration (red arrows) leading to the formation of a topography maximum. Ex- ’
perimental and simulated topographies are shown in (b) and (c), respectively. Electric field iso-contours
are also superimposed to indicate the high intensity regions.

effect of the polarization, different polarization configu-
rations are explored. Panels a and b in Figure 2 show
the calculated topographies for the Gaussian beams,
polarized linearly and circularly, respectively. For the
case of linear polarization, the mass transport is mainly
along the polarization direction. This configuration in-
duces a strong topographic asymmetry, particularly
when compared with the topography obtained with
the circularly polarized configuration, in agreement
with experimental results.'® Topographic profiles are
shown next to the images to underscore the polariza-
tion sensitivity of this system.

We present only P-polarization results for SRG be-
cause we have completed and published elsewhere a
more complete study of SRG formation.' The simulated
topography (Figure 3a) has been smoothed using a
simple running average method. The model repro-
duces the SRG obtained with P-type configurations,
the peak being formed in the low intensity regions. In
addition to the topography, we were able to obtain the
molecular orientation at different positions in the SRG.
The orientation distributions presented by polar dia-
grams in Figure 3b,c have been normalized. In the bot-
tom SRG regions (Figure 3b), corresponding to the high
intensity region of the incident field, the molecules
show a very strong photoinduced alignment perpen-
dicular to the incident field. This orientational hole
burning has been extensively explained and used in

many applications.>?°~22 Con-
versely, at the top SRG regions,
the distribution remains al-
most isotropic because the in-
cident field intensity is low (the
square shape is induced by
the discretization of molecular
orientation). These results pro-
vide interesting perspectives
for birefringence studies in
azobenzene polymer films ob-
tained with complex incident

We now consider the more
complex polymer migration
features that result from the
wide range of wavevectors and polarization anisotro-
pies within the optical near-field range of metallic nano-
structures. On the basis of recent work, we simulate
the topographic modifications induced by the optical
near-field of a silver “bow-tie” structure.?®> The experi-
mental setup consists of a lithographic bow-tie formed
with two facing 400 nm silver triangles. The sample is
coated with an azobenzene polymer layer. The com-
plete discussion of the setup and the topographic
modifications can be found in the recent publication
of Hubert et al.?® The electromagnetic vectorial field
used to simulate the topography has been calculated
using a discrete dipole approximation 5 nm above the
particle. Figure 4a shows the calculated field intensity in
the vicinity of the bow-tie illuminated at the wave-
length N = 514 nm, with a linear polarization perpen-
dicular to the long bow-tie axis. The experimentally ob-
tained topography with an atomic force microscope
(AFM) is presented in Figure 4b. Using the computed
electromagnetic field, we obtain the simulated topogra-
phy shown in Figure 4c. Please note that Figure 4a,b
has been previously published? but is presented to
show that this model reproduces major topographic
structures well. Indeed, the features referred to as opti-
cal trapping in the publication of Hubert et al. are clearly
simulated. See, for example, the features within circle
1 in Figure 4b and the corresponding simulation result,
Figure 4c, which clearly exhibits them. Another com-
plex structure is highlighted

=50{b C) on the side of the triangles
’§'50 ) f__:m».__" , —— 15 g (circle 2).23
£ : = _‘7‘1 é To underline the mecha-
g E 2 nism leading to such fea-
é P M2 § tures, an iso-contour mask is
£ M1 . # e $  produced using the field in-
= ’_/;'-__ _’ / — Eg‘ tensity map (Figure 5a) and
Lo L , ! ‘ .0 = reproduced on the experi-
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Figure 6. Tracking of individual molecules exposed to a linearly polarized field gradient: (a) two mol-
ecules (M1 and M2) have been tracked. The total displacement of the molecules, along with the local
field intensity for each occupied position, is shown in (b) and (c) for M1 and M2, respectively.
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Number of iterations

mental topography (Figure

5b) and the simulated topog-
raphies (Figure 5c). The posi-
tions of the high intensity re-
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gions 1 and 2 in Figure 5a induce a)
two contributing mass migra-

tions leading to the formation of

a strong topographic maximum.

This maximum of topography is
believed to correspond to a mini-
mum of the electromagnetic
near-field resulting from the de-
structive interference at a spe-

cific place between many eva-

b

nescent wavelets emitted by the ~ Figure 7. Schematic representation of (a) a cut of the 54 orientational discretizations. The central

whole structure. On the other

red box represents the molecule position, while the surrounding boxes define the orientation vec-
tor. (b) Within each box, a small random variation of the molecule orientation is taken to reduce

hand, this minimum is sur- discretization impact over the evaluation of the absorption probability. (c) Accessible reorienta-
rounded by electromagnetic hot tion vectors are defined to be the adjacent boxes to the actual orientation of the molecule (green

spots created by strong con- box).

structive interferences. This
maximum of topography is
clearly visible in the experi-
mental image and is accu-
rately reproduced by the
model. The simulated topog-
raphy has been smoothed us-
ing a centered running aver-
age method.

Finally, Figure 6 shows the
tracking of two molecules in

21

Figure 8. Effect of the translational mean path on the simulated topography. Simulated topographies
obtained with a 3 wm fwhm Gaussian beam (a,b) for a translation mean path L = 100 nm after 2000 and

an electromagnetic gradient, 3000 iterations, respectively, and (c) for a translation mean free path L = 150 nm after 2000 iterations. To-
illustrating the multiscale as- pographies are similar when the product of L by the number of iterations is conserved.

pect of our model. The field

gradient extent is typical of an interferometric pattern
for SRG generation (2 wm pitch). In Figure 6b,c, the to-
tal displacement of the molecules and the field intensity
for each position occupied by the molecules during
the migration are plotted. As expected, molecules in
the intense region easily move until they reach the low
intensity region. It is also worth noting that this situa-
tion takes place after a subtle transient regime. For ex-
ample, due to its initial orientation (toward the bright
zone), molecule 2 travels to a brighter region before es-
caping from this region to a darker region. This subtle
mechanism is believed to be the fundamental mecha-
nism leading to the experimentally observed mass
transport in azobenzene-containing films.

Relying on this multiscale aspect of our simulation,
it appears that molecules do not simply migrate from
high to low intensity regions. The matter accumulation
is related to a statistical trapping effect where mol-
ecules in low intensity regions are less mobile than in
other high intensity regions. The molecule can thus also
migrate from low to high intensity even though these
events have a lower probability.

The very good agreement between our calculations
and experimental results on a wide length-scale vali-
dates the fundamental hypotheses of our photoin-
duced molecular diffusion model. Particularly, the mo-
tion of the photoactivated molecules could be

www.acsnano.org

compared to the diffusion mechanism occurring for
molecules in a polymer matrix as expected in the free
volume theory.

CONCUSIONS

In conclusion, Monte Carlo calculations based on
our photoinduced molecular diffusion model that incor-
porates fundamental molecular dipole interactions
with an illumination field can accurately predict molec-
ular transport and topography modifications in photo-
isomerizable azobenzene-containing polymer films. The
model incorporates long- and short-range molecular in-
teractions, as well as assumptions regarding operation
near T4 for optimized molecular motion. Ultimately, the
model is robust and works for a wide range of illumina-
tion conditions, including both far-field and near-field il-
lumination involving complex polarization states. Par-
ticularly, we have shown the versatility of our model by
the calculation of the topography obtained on a plas-
monic “bow-tie” antennae. Furthermore, the path of
single molecules can be accurately described, and mo-
lecular photo-orientation can be predicted. Our model
and experimental approach will be of use for imaging
and lithography in the micro- and nanoscale regime
and for developing new optical molecular nanomotors
based on the use of complex plasmonic near-fields.
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METHODS

Theoretical Calculations. We work with a 3D grid of molecular po-
sition space. Dipole vectors representing the dye molecules are
distributed randomly within the polymer region consistent with
typical experimental densities (0.2—0.3 grafting density). We al-
low for 54 discrete dipole orientations, as shown Figure 7a. A
small, continuous random variation of the molecular orienta-
tion (Figure 7b) is taken in the evaluation of the absorption prob-
ability with each iteration in order to smooth the effects of dis-
cretization. The reorientation is randomly determined by
considering the adjacent orientations relative to the actual orien-
tation of the molecule, as shown Figure 7c.

To refine the photoinduced molecular motion, additional ef-
fects are then taken into account to move a dye molecule. Re-
lated to the three fundamental hypotheses, a molecule must ab-
sorb a photon to undergo a trans—cis—trans cycle and will move
along its dipole axis according to the joint probability Pa_s. Yet,
when the destination density is not favorable, the movement di-
rection can be slightly changed to account for the modification
induced by the environment on the molecular trajectory. This ef-
fect allows one to take into account energy minimization consid-
erations on the molecular trajectory. Moreover, local relaxation
is dynamically addressed after each molecular movement by
monitoring the surrounding molecules. Indeed, the vacancy left
by the molecule can induce a strong discontinuity in the local
density; surrounding molecules are then slightly moved to en-
sure the continuity of the density. The convergence of the simu-
lated topography is then obtained when no favorable destina-
tions (density wise) are accessible for the molecule undergoing
trans—cis—trans isomerization. At this point, the other mol-
ecules are unlikely to undergo isomerization because of either
their orientation or localization related to the local field inten-
sity. Convergence is typically reached after a few thousand itera-
tions, depending on the complexity of the local electromag-
netic field.

Regarding the photoinduced translation length L, the aver-
age length is a consequence of the 54 orientational discretiza-
tions (Figure 7a). Defined relative to the second neighbors, these
vectors account for the orientation of the molecule and the
translation vector consecutive to an isomerization. The average
value of L thus has a length that extends through two boxes.
However, depending on the discretization cell, L takes on very
different values. In the case of far-field experiments, for a 2 um
fwhm (full width at half-maximum) Gaussian beam and a grid of
100 X 100 boxes, L =~ 40 nm. For nanoscale studies, the value
of L is much smaller (L ~ 2 nm). Yet, this variability of the trans-
lation length has no impact on the migration mechanisms as pre-
viously suggested for the anisotropic diffusion model.” In the
particular context of our model, this impact is examined in Fig-
ure 8.

The mass migration has been simulated using a 3 pm fwhm
Gaussian beam for a 50 nm (Figure 8a,b) and a 75 nm cell (Fig-
ure 8c). The respective values of L are, in these cases, L = 100 and
150 nm. The simulated topographies have similar features, yet
the calculation time necessary to obtain the topography with L
= 100 nm is larger. Indeed, if the size of the illumination field is
the same, the mass migration is slower for small values of L. A
larger number of molecular migration steps is necessary to cover
a given length in comparison to the migration for higher values
of L. This impact of the translation mean path, L, on the migration
dynamics also appears in the anisotropic migration model where
the photoinduced flux is constant when the product of L and
is constant (where a is the elementary diffusion rate).'* This point
is underlined in Figure 8, where a similar topography is ob-
tained for L = 100 and 150 nm after 3000 and 2000 iterations, re-
spectively. Since the diffusion rate is unchanged in our simula-
tion, the same topography can be achieved if the product of L
with the number of iterations is conserved while changing the
value of L. In our calculation, the choice of L is made depending
on the area of the zone simulated and the grid size. To maintain
computation time reasonably small, the grid size is generally of
100 X 100 or 200 X 200 depending on the level of detail desired.
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