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1. INTRODUCTION

The formation of useful nanostructures, and interfacing these with macro-world devices, is an
ongoing research challenge. The microelectronics industry has a wide variety of optical tools
available for patterning using light and has achieved remarkable control over material prop-
erties. It is therefore attractive to investigate future patterning techniques that take advan-
tage of this visible-light lithographic infrastructure. Azobenzene molecules exhibit numerous
photoresponsive properties, which can be exploited to locally modify material properties.
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Specifically, irradiation of azobenzenes with light causes a fast and efficient change of the
molecule’s configuration. This photoisomerization can be exploited as a photoswitch, to ori-
ent the chromophore (which induces birefringence) or even to perform all-optical surface
topography patterning. These photo-motions enable many interesting applications, ranging
from optical components and lithography to sensors and smart materials.

This chapter will discuss the many unique properties of the azobenzene chromophore
and the exceptional material control enabled when these chromophores are incorporated in
a polymeric matrix. More specifically, we will attempt to highlight the ways in which azo-
polymers could be used as tools in the emerging field of controlled nanostructure formation.

2. AZOBENZENE

Azobenzene is an aromatic molecule formed by an azo linkage (—N=—N—) connecting two
phenyl rings. In this text, as in most on the subject, we use “azobenzene” and “azo” in a more
general way: to refer to the class of compounds that exhibit the core azobenzene structure,
with different ring substitution patterns (even though, strictly, these compounds should be
referred to as “diazenes”). There are many properties common to nearly all azobenzene
molecules. The most obvious is the strong electronic absorption of the conjugated 7r-system.
The absorption spectrum can be tailored, via the ring substitution pattern, to lie anywhere
from the ultraviolet to the visible-red region. It is not surprising that azobenzenes were
originally used as dyes and colorants [1, 2]. The geometrically rigid structure and large aspect
ratio of azobenzene molecules make them ideal mesogens: azobenzene small molecules and
polymers functionalized with azobenzene can exhibit liquid-crystalline phases [3, 4]. The
most startling and intriguing characteristic of the azobenzenes is their highly efficient and
fully reversible photoisomerization. Azobenzenes have two stable isomeric states: a thermally
stable trans configuration and a metastable cis form. Remarkably, the azo chromophore can
interconvert between these isomers upon absorption of a photon. For most azobenzenes, the
molecule can be optically isomerized from trans to cis with light anywhere within the broad
absorption band, and the molecule will subsequently thermally relax back to the trans state
on a timescale dictated by the substitution pattern. This clean photochemistry is central to
azobenzene’s potential use as a tool for nanopatterning.

2.1. Azobenzene Chromophores

Azobenzenes can be separated into three spectroscopic classes, well described by Rau: [5]
azobenzene-type molecules, aminoazobenzene-type molecules, and pseudo-stilbenes (refer
to Fig. 1 for examples). The particulars of their absorption spectra (shown in Fig. 2) give rise
to their prominent colors: yellow, orange, and red, respectively. Many azos exhibit absorption
characteristics similar to those of the unsubstituted azobenzene archetype. These molecules
exhibit a low-intensity n — * band in the visible region, and a much stronger 7 — *

(a) (b) (c)

Figure 1. Examples of azo molecules classified as (a) azobenzenes, (b) aminoazobenzenes, and (c) pseudo-stilbenes.
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Figure 2. Schematic of typical absorbance spectra for frans-azobenzenes. The azobenzene-type molecules (solid
line) have a strong absorption in the UV, and a low-intensity band in the visible (barely visible in the graph). The
aminoazobenzenes (dotted line) and pseudo-stilbenes (dashed line) typically have strong overlapped absorptions in
the visible region.

band in the UV. Although the n — 7* is symmetry-forbidden for trans-azobenzene (C,;,),
vibrational coupling and some extent of nonplanarity make it nevertheless observable [6].

Adding substituents to the azobenzene rings may lead to minor or major changes in spec-
troscopic character. Of particular interest is ortho- or para-substitution with an electron-
donating group (usually an amino, -NH,), which results in a new class of compounds. In
these aminoazobenzenes, the n — 7* and m — 7* bands are much closer. In fact, the
n — " may be completely buried beneath the intense 7 — 7*. Whereas azobenzenes
are fairly insensitive to solvent polarity, aminoazobenzene absorption bands shift to higher
energy in nonpolar solvents and shift to lower energy in polar solvents. Substituting azoben-
zene at the 4- and 4'-positions with an electron-donor and an electron-acceptor (such as
an amino and a nitro, -NO,, group) leads to a strongly asymmetric electron distribution
(often referred to as a “push/pull” substitution pattern). This shifts the = — 7* absorption
to lower energy, toward the red and past the n — #*. This reversed ordering of the absorp-
tion bands defines the third spectroscopic class, the pseudo-stilbenes (in analogy to stilbene,
phenyl—C=C—phenyl). The pseudo-stilbenes are very sensitive to local environment, which
can be useful in some applications.

Especially in condensed phases, the azos are also sensitive to packing and aggregation.
The 7—m stacking gives rise to shifts of the absorption spectrum. If the azo dipoles have a
parallel (head-to-head) alignment, they are called J-aggregates and give rise to a red shift
of the spectrum (bathochromic) as compared to the isolated chromophore. If the dipoles
are antiparallel (head-to-tail), they are called H-aggregates and lead to a blue shift (hyp-
sochromic). Fluorescence is seen in some aminoazobenzenes and many pseudo-stilbenes, but
not in azobenzenes, whereas phosphorescence is absent in all three classes. By altering the
electron density, the substitution pattern necessarily affects the dipole moment, and in fact
all the higher-order multipole moments. This becomes significant in many nonlinear opti-
cal (NLO) studies. For instance, the chromophore’s dipole moment can be used to orient
with an applied electric field (poling), and the higher order moments of course define the
molecule’s nonlinear response [7]. In particular, the strongly asymmetric distribution of the
delocalized electrons that results from push/pull substitution results in an excellent NLO
chromophore.

2.2. Azobenzene Photochemistry

Key to some of the most intriguing results and interesting applications of azobenzenes is the
facile and reversible photoisomerization about the azo bond, converting between the trans
(E) and cis (Z) geometric isomers (Fig. 3). This photoisomerization is completely reversible
and free from side reactions, prompting Rau to characterize it as “one of the cleanest pho-
toreactions known” [5]. The trans isomer is more stable by approximately 50 kJ/mol [8, 9],
and the energy barrier to the photo-excited state (barrier to isomerization) is on the order
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Figure 3. (a) Azobenzene can convert between trans and cis states photochemically, and relaxes to the more stable
trans state thermally. (b) Simplified state model for azobenzenes. The trans and cis extinction coefficients are deno-
ted &,,, and &.,. The ® refer to quantum yields of photoisomerization, and v is the thermal relaxation rate constant.

of 200 kJ/mol [10]. Thus, in the dark, most azobenzene molecules will be found in the trans
form. Upon absorption of a photon (with a wavelength in the trans absorption band), the
azobenzene will convert, with high efficiency, into the cis isomer. A second wavelength of
light (corresponding to the cis absorption band) can cause the back-conversion. These pho-
toisomerizations usually have picosecond timescales [11, 12]. Alternately, azos will thermally
reconvert from the cis to trans state, with a timescale ranging from milliseconds to hours,
depending on the substitution pattern and local environment. More specifically, the lifetimes
for azobenzenes, aminoazobenzenes, and pseudo-stilbenes are usually on the order of hours,
minutes, and seconds, respectively. In some cases, bulky substituents can inhibit the cis —
trans relaxation process, thereby allowing the cis state to persist for days. For instance, a
polyurethane with the azo chromophore in the main chain exhibited a thermal rate constant
of 2.8 x 107 s7! (at 3°C) [13], and an azobenzene with bulky pendant groups had a rate con-
stant <2 x 1077 s~! (at room temperature) [14]. It is also possible to prevent the cis — trans
isomerization entirely by adsorption to a surface [15] or synthesizing constrained (usually
ringlike) molecules [16]. It is also worth noting that the cis form of the parent azobenzene
can in fact be stabilized and isolated by crystallization [17, 18].

A bulk azo sample or solution under illumination will achieve a photostationary state, with
a steady-state trans/cis composition based on the competing effects of photoisomerization
into the cis state, thermal relaxation back to the trans state, and possibly cis reconversion
upon light absorption. The steady-state composition is unique to each system, as it depends
on the quantum yields for the two processes (®,,,, and @) and the thermal relaxation rate
constant. The composition also depends upon irradiation intensity, wavelength, temperature,
and the matrix (gas phase, solution, liquid crystal, sol-gel, monolayer, polymer matrix, etc.).
Azos are photochromic (their color changes upon illumination), since the effective absorp-
tion spectrum (a combination of the trans and cis spectra) changes with light intensity. Thus
absorption spectroscopy can be conveniently used to measure the cis fraction in the steady
state [19, 20] and the subsequent thermal relaxation to an all-trans state [21-24]. Under
moderate irradiation, the composition of the photostationary state is predominantly cis for
azobenzenes, mixed for aminoazobenzenes, and predominantly trans for pseudo-stilbenes.
In the dark, the cis fraction is below most detection limits, and the sample can be considered
to be in an all-trans state. Isomerization is induced by irradiating with a wavelength within
the azo’s absorption spectrum, preferably close to A,,,. Modern experiments typically use
laser excitation with polarization control, delivering on the order of 1-100 mW/cm? of power
to the sample. Various lasers cover the spectral range of interest, from the UV (Ar* line at
350 nm), through blue (Art* at 488 nm) and green (Ar* at 514 nm, YAG at 532 nm, HeNe
at 545 nm) and into the red (HeNe at 633 nm, GaAs at 675 nm).

The ring substitution pattern affects both the trans and the cis absorption spectra, and for
certain patterns, the absorption spectra of the two isomers overlap significantly (notably for
the pseudo-stilbenes). In these cases, a single wavelength of light effectuates both the forward
and reverse reaction, leading to a mixed stationary state and continual interconversion of the
molecules. For some interesting azobenzene photo-motions, this rapid and efficient cycling
of chromophores is advantageous, whereas in cases where the azo chromophore is being
used as a switch, it is clearly undesirable.
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The mechanism of isomerization has undergone considerable debate. Isomerization takes
place either through a rotation about the N—N bond, with rupture of the 7 bond, or through
inversion, with a semilinear and hybrizidized transition state, where the 7 bond remains
intact (refer to Fig. 4). The thermal back-relaxation is agreed to be via rotation, whereas
for the photochemical isomerization, both mechanisms appear viable [25]. Historically the
rotation mechanism (as necessarily occurs in stilbene) was favored for photoisomerization,
with some early hints that inversion may be contributing [26]. More recent experiments,
based on matrix or molecular constraints to the azobenzene isomerization, strongly support
inversion [27-30]. Studies using picosecond Raman and femtosecond fluorescence show a
double bond (N=N) in the excited state, confirming the inversion mechanism [31, 32].
By contrast, Ho et al. [33] found evidence that the pathway is compound-specific: a nitro-
substituted azobenzene photoisomerized via the rotation pathway. Furthermore, ab initio and
density functional theory calculations indicate that both pathways are energetically accessible,
although inversion is preferred [34, 35]. Thus, both mechanisms may be competing, with a
different one dominating depending on the particular chromophore and environment. The
emerging consensus nevertheless appears to be that inversion is the dominant pathway for
most azobenzenes [36]. The availability of the inversion mechanism explains how azos are
able to isomerize easily even in rigid matrices, such as glassy polymers, since the inversion
mechanism has a much smaller free volume requirement than the rotation.

The thermal back-relaxation is generally first-order, although a glassy polymer matrix can
lead to anomalously fast decay components [37-40], attributed to a distribution of chro-
mophores in highly strained configurations. Higher matrix crystallinity increases the rate of
decay [41]. The decay rate itself can act as a probe of local environment and molecular
conformation [42, 43]. The back-relaxation of azobenzene is acid-catalyzed [44], although
strongly acidic conditions will lead to side-reactions [18]. For the parent azobenzene
molecule, quantum yields (which can be indirectly measured spectroscopically [37, 45, 46])
are on the order of 0.6 for the trans — cis photoconversion and 0.25 for the back pho-
toreaction. Solvent has a small effect, increasing the trans — cis and decreasing the cis —
trans yield as polarity increases [47]. Aminoazobenzenes and pseudo-stilbenes isomerize very
quickly and can have quantum yields as high as 0.7-0.8.

2.3. Azobenzene Systems

Azobenzenes are robust and versatile moieties and have been extensively investigated as
small molecules, as pendants on other molecular structures, or incorporated (doped or cova-
lently bound) into a wide variety of amorphous, crystalline, or liquid crystalline polymeric

Inversion

Figure 4. The mechanism of azobenzene isomerization proceeds either via rotation or inversion. The cis state has
the phenyl rings tilted at 90° with respect to the CNNC plane.
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systems. Noteworthy examples include self-assembled monolayers and superlattices [48],
sol-gel silica glasses [49], and biomaterials [S0-52]. A number of small molecules incorpo-
rating azobenzene have been synthesized, including crown ethers [53], cyclodextrins [54, 55],
proteins such as bacteriorhodopsin [56], and 3D polycyclics such as cubane [57] and adaman-
tane [58]. Typically, azo chromophores are embedded in a solid matrix for studies and
devices. As a result, matrix effects are inescapable: the behavior of the chromophore is
altered due to the matrix, and in turn the chromophore alters the matrix [59]. Although
either could be viewed as a nuisance, both are in fact useful: the chromophore can be used
as a probe of the matrix (free volume, polarizability, mobility, etc.), and when the matrix
couples to chromophore motion, molecular motions can be translated to larger lengthscales.
Thus, the incorporation strategy is critical to exploiting azobenzene’s unique behavior.

2.3.1. Thin Polymer Films

Doping azobenzenes into polymer matrices is a convenient inclusion technique [60, 61].
These “guest-host” systems can be cast or spin-coated from solution mixtures of polymer
and azo small molecules, where the azo content in the thin film is easily adjusted via con-
centration. Although doping leaves the azo chromophores free to undergo photoinduced
motion unhindered, it has been found that many interesting photomechanical effects do not
couple to the matrix in these systems. Furthermore, the azo mobility often leads to insta-
bilities, such as phase-separation or microcrystallization. Thus, one of the most attractive
methodologies for incorporating azobenzene into functional materials is by covalent attach-
ment to polymers. The resulting materials benefit from the inherent stability, rigidity, and
processability of polymers, in addition to the unusual photoresponsive behavior of the azo
moieties. Both side-chain and main-chain azobenzene polymers have been prepared [62]
(Fig. 5). Reported synthetic strategies involve either polymerizing azobenzene-functionalized
monomers [63, 64] or post-functionalizing a polymer that has an appropriate pendant group
(usually a phenyl) [65-67]. The first method is preferred for its simplicity and control of
sequence distribution. The second takes advantage of commonly available starting materials
but may require more reaction steps. Many different backbones have been used as scaffolds
for azo moieties, including imides [68], esters [69], urethanes [70], ethers [71], organometal-
lic ferrocene polymers [72], dendrimers [73, 74], and even conjugated polydiacetylenes [75],
polyacetylenes [76], and main-chain azobenzenes [77, 78]. The most common azo-polymers
are acrylates [79], methacrylates [80], and isocyanates [81]. Thin films are usually prepared
by spin-coating [82-85], although there are also many examples of using solvent evaporation,
the Langmuir-Blodgett technique [86-89], and self-assembled monolayers [90]. Spin-cast
films are typically annealed above the polymer glass-transition temperature (7,) to remove
residual solvent and erase any hydrodynamically induced anisotropy.
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Figure 5. Examples of azo-polymer structures, showing that both (a) side-chain and (b) main-chain architectures
are possible [64, 210].
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2.3.2. Liquid Crystals

Azobenzenes are anisotropic, rigid molecules and as such are ideal candidates to act as
mesogens: molecules that form liquid-crystalline (LC) mesophases. Many examples of small-
molecule azobenzene liquid crystals have been studied. Some azo-polymers also form LC
phases (refer to Fig. 6 for a typical structure). For side-chain azobenzenes, a certain amount
of mobility is required for LC phases to be present; as a rule, if the tether between the chro-
mophore and the backbone is less than six alkyl units long, the polymer will exhibit an
amorphous and isotropic solid-state phase, whereas if the spacer is longer, LC phases typ-
ically form. The photoisomerization of azobenzene leads to modification of the phase and
alignment (director) in LC systems [59, 91]. The director of a liquid crystal phase can be
modified by orienting chromophores doped into the phase [92, 93], by using an azobenzene-
modified “command surface” [94-96], using azo copolymers [97], and, of course, in pure
azobenzene LC phases [98, 99]. One can force the LC phase to adopt an in-plane order
(director parallel to surface), homeotropic alignment (director perpendicular to surface), or
tilted or even biaxial orientation [100]. These changes are fast and reversible. While the trans
azobenzenes are excellent mesogens, the cis azos typically are not. If even a small number of
azo molecules are distributed in an LC phase, trans — cis isomerization can destabilize the
phase by lowering the nematic-to-isotropic phase transition temperature [101]. This enables
fast isothermal photocontrol of phase transitions [36, 102-104]. Since these modulations
are photoinitiated, it is straightforward to create patterns [105]. These LC photoswitching
effects are obviously attractive in many applications, such as for display devices, optical
memories [94], electro-optics [106], modulation of the polarization of ferroelectric liquid
crystals [107, 108], etc.

2.3.3. Dendrimers

Dendrimers have been investigated as unique structures to exploit and harness azoben-
zene’s photochemistry [109-111]. Dendrimers with strongly absorbing pendants can act as
antennae: harvesting light and making it available, via intramolecular energy transfer, to the
dendrimer core. In dendrimers with azo cores, this allows for the activation of isomerization
using a wavelength outside of the azo absorption band (since the dendrimer arms absorb
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Figure 6. A typical liquid-crystalline side-chain azobenzene polymer [99].
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and transfer energy to the core) [112, 113]. Furthermore the configurational change that
results from the core isomerization will translate into a larger scale geometric change. For
instance, in a dendrimer with three azobenzene arms (Fig. 7), the various isomerization com-
binations (EEE, EEZ, EZZ, and ZZZ) could all be separated by thin-layer chromatography
due to their different physical properties [114]. The conformational change associated with
isomerization modifies (typically reduces) the hydrodynamic volume, with the specific extent
of conformational change depending strongly on where the azo units are incorporated [115].

2.3.4. Polyelectrolyte Multilayers

A new facile and versatile film preparation technique, layer-by-layer electrostatic self-
assembly, has become the subject of intensive research since its introduction by Decher
[116-119]. In this technique, a charged or hydrophilic substrate is immersed in a solution
of charged polymers (polyelectrolytes), which adsorb irreversibly onto the substrate. After
rinsing, the substrate is then immersed in a solution containing a polyelectrolyte of oppo-
site charge, which adsorbs electrostatically to the charged polymer monolayer. Because each
layer of adsorbed polymer reverses the surface charge, one can build up an arbitrary num-
ber of alternating polycation—polyanion layers. These polyelectrolyte multilayers (PEMs) are
easy to prepare, use benign (all-aqueous) chemistry, and are inherently tunable [120-122].
Specifically, by adjusting the ionic strength [123-126] or pH [127-130] (in the case of “weak”
polyelectrolytes) of the assembly solution, the polyelectrolyte chain conformation is modified,

Figure 7. An azobenzene dendrimer containing three azo moieties [114]. Each chromophore has two isomerization
states (frans and cis), leading to four distinct photo-isomers for the dendrimer molecule. All four isomers have
different physical properties.



Light-Induced Nanostructure Formation using Azobenzene Polymers 9

and hence the resulting film architecture is tuned. For instance, one can control thickness
[124, 131], permeability [132], morphology [133-135], and density [136]. Recently, the tech-
nique has been modified to assemble the alternate layers using a spin-coater, which reduces
the assembly times and adsorption solution volumes considerably [137-140].

As a film preparation technique, this method has numerous advantages. The adsorption of
the polymers is quasi-thermodynamic, with the chains adsorbing into a local minimum, which
makes the films stable against many defects (dewetting, pinhole formation, etc.). Importantly,
the technique is not limited to flat surfaces: any geometry that can be immersed in solution
(or have solution flowed-through) is suitable. Colloids have been efficiently coated with
PEMs [141, 142], and by dissolving the core one can also form hollow PEM microcapsules
[143]. Multilayers can be formed on nearly any material (glass, quartz, silicon, most metals,
etc.) and are robust against thermal and solvent treatment [144]. One of the main interests
in PEMs is due to their inherent biocompatibility [145]: multilayers have been formed on
enzyme microcrystals [146], used to encapsulate living cells [147], and used to coat arterial
walls [148]. Perhaps the most useful feature of the multilayering technique is its ability to
incorporate secondary functional groups into the thin film structure. The location of these
functional units (which may be small molecules, pendants on the polyelectrolyte chains,
or particles) within the multilayer stack can be controlled with subnanometer precision.
A wide variety of functionalities have been demonstrated, including organic molecules [149],
synthetic polymers [150], biopolymers [151], natural proteins [152], colloids [153], inorganic
nanoparticles [154], clay platelets [155] (used as a nacre biomimic [156]), dendrimers [157],
electrochemically active species [120], functionalized Cg, [158], and even, counter-intuitively,
uncharged and nonpolar polymer chains [159].

Many research groups have investigated the possibility of incorporating optically respon-
sive azobenzene chromophores into the versatile PEM structures (examples presented in
Fig. 8), including Advincula [160-163], Kumar and Tripathy [150, 164], Tieke [165-168],
Heflin [169], and Barrett [170, 171]. In some cases, copolymers are synthesized, where some
of the repeat units are charged groups and some are azo chromophores [172, 173]. These
materials may, however, have solubility issues, as the azo chromophore is typically not water
soluble. Efforts have therefore gone into synthesizing azo-ionomers [174, 175], or poly-
mers where the charge appears on the azobenzene unit [173, 176, 177]. The azobenzene
chromophore may also be created by post-functionalization of an assembled PEM [164].
Azobenzene-functionalized PEMs have demonstrated all of the unique photophysics asso-
ciated with the chromophore, including induced birefringence [162, 178] and surface mass
transport [176] (which will be described in more detail in Section 4). It should be noted,
however, that in general the quality of the patterning is lower [177], presumably due to the
constraints to chain motion that the ionic “cross-links” engender. There are many examples
of performing the multilayering with a polyelectrolyte and a small molecule azobenzene ionic
dye [136]. In contrast to conventional doped systems, the chromophores in these systems do

SO,H
CH, CH, CH, CH,

| | | |
+llxl*f(CHz);r\ll*f(CHz);o@N:NO O—(CH,),T- r}l*f(CHz)zfrl\l*f((:HZ)ﬂLn
CH, CH, CH, CH,4

Br~ Br~ Br~ Br~

Figure 8. Examples of water-soluble azo-polyelectrolytes, which can be used in the preparation of photoactive
polyelectrolyte multilayers [150, 167].
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not suffer from aggregation instabilities [160], and the azo photomotions do couple to the
matrix, as evidenced by birefringence [179, 180] and surface patterning [149, 181]. These
effects can again be attributed to the fact that the ionic attachment points act as cross-links
in a dry PEM sample. The aggregation and photochemical behavior of the azo chromophore
(absorbance spectrum, isomerization rate, etc.) vary depending on the nature of the counter-
polymer [182] (and, of course, is affected by any ionic ring substituent). These may be viewed
as undesirable matrix effects, or as a way to tune the chromophore response. The multilay-
ering technique does not offer the precision and reproducibility of conventional inorganic
film preparation techniques. It is, however, simple and versatile and offers the possibility
of combining unique structures and functionalities (for instance, it has been used to cre-
ate superhydrophobic surfaces [183] and to make azo-photochromic hollow shells [175] and
is amenable to patterning [184]). While it is unlikely to replace established techniques for
high-performance devices, it may find applications in certain niches (coatings, disposable
electronics, biomedical devices, etc.).

3. PHOTOINDUCED MOTIONS AND MODULATIONS

Irradiation with light produces molecular changes in azobenzenes, and under appropri-
ate conditions, these changes can translate into larger scale motions and even modulation
of material properties. Following Natansohn and Rochon [185], we will describe motions
roughly in order of increasing size scale. However, since the motion on any size scale invari-
ably affects (and is affected by) other scales, clear divisions are not possible. In all cases,
some of the implicated applications, photoswitching, and photomodulations will be outlined.

3.1. Molecular Motion

The fundamental molecular photo-motion in azobenzenes is the geometrical change that
occurs upon absorption of light. In cis-azobenzene, the phenyl rings are twisted at 90° relative
to the C—N=N—C plane [28, 186]. Isomerization reduces the distance between the 4-
and 4'-positions from 0.99 nm in the trans state to 0.55 nm for the cis state [187-189].
This geometric change increases the dipole moment: whereas the trans form has no dipole
moment, the cis form has a dipole moment of 3.1 D [17]. The free volume requirement of
the cis is larger than that of the trans [190], and it has been estimated that the minimum free
volume pocket required to allow isomerization to proceed via the inversion pathway [28, 38]
is 0.12 nm®, and via the rotation pathway [13] it is approximately 0.38 nm®. The effects of
matrix free volume constraints on photochemical reactions in general have been considered
[191]. The geometrical changes in azobenzene are very large, by molecular standards, and it
is thus no surprise that isomerization modifies a wide host of material properties.

This molecular displacement generates a nanoscale force, which has been measured in
single-molecule force spectroscopy experiments [192, 193]. In these experiments, illumina-
tion causes contraction of an azobenzene polymer, showing that each chromophore can
exert pN molecular forces on demand. A pseudo-rotaxane that can be reversibly threaded-
dethreaded using light has been called an “artificial molecular-level machine” [194, 195]. The
ability to activate and power molecular-level devices using light is of course attractive, since
it circumvents the limitations inherent to diffusion or wiring. The fast response and lack of
waste products in azo isomerization are also advantageous. Coupling these molecular-scale
motions to do useful work is of course the next challenging step. Progress in this direction
is evident from a wide variety of molecular switches that have been synthesized. For exam-
ple, an azo linking two porphyrin rings enabled photocontrol of electron transfer [196].
In another example, dramatically different hydrogen-bonding networks (intermolecular and
intramolecular) can be favored based on the isomeric state of the azo group linking two
cyclic peptides [197, 198].

3.2. Photo Orientation

Azobenzene chromophores can be oriented using polarized light, via a statistical selec-
tion process, described schematically in Figure 9. Azobenzenes preferentially absorb light
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Figure 9. Statistical photo-orientation of azo molecules. (a) The molecules aligned along the polarization direction
of the incident light absorb, isomerize, and re-orient. Those aligned perpendicular cannot absorb and remain fixed.
(b) Irradiation of an isotropic samples leads to accumulation of chromophores in the perpendicular direction.
Circularly polarized light restores isotropy.

polarized along their transition dipole axis (long axis of the azo molecule). The probability
of absorption varies as cos’ ¢, where ¢ is the angle between the light polarization and the
azo dipole axis. Thus, azos oriented along the polarization of the light will absorb, whereas
those oriented against the light polarization will not. For a given initial angular distribu-
tion of chromophores, many will absorb, convert into the cis form, and then revert to the
trans form with a new random direction. Those chromophores that fall perpendicular to the
light polarization will no longer isomerize and reorient; hence, there is a net depletion of
chromophores aligned with the light polarization, with a concomitant increase in the popu-
lation of chromophores aligned perpendicular (i.e., orientation hole burning). This statistical
reorientation is fast, and gives rise to strong birefringence (anisotropy in refractive index)
and dichroism (anisotropy in absorption spectrum) due to the large anisotropy of the azo
electronic system. The process is especially efficient due to the mesogenlike cooperative
motion that the azobenzene groups facilitate, even in amorphous samples below 7, [97].
Since the process requires cycling of the chromophores between trans and cis states, the
pseudo-stilbenes have the fastest response.

The orientation due to polarized light is reversible. The direction can be modified by using
a new polarization direction for the irradiating light. Circularly polarized light will random-
ize the chromophore orientations. It must be emphasized, however, that there is another
preferential alignment direction during irradiation: along the axis of the incoming light. It is
unavoidable that chromophores will efficiently build-up aligned along the irradiation axis,
but this is often ignored in the literature or characterized as “photobleaching” when in fact
it is a reversible photoalignment (albeit one that reduces the absorbance as viewed by any
photoprobe). Because unpolarized light can photo-orient (along the axis of illumination)
[85], even sunlight is suitable. The motion of the sun through the sky over the course of a
day can cause orientation at different tilt angles [199]. This causes chromophores at different
depths to be oriented in different directions, which produces a net chiral helical ordering
in the film of a particular handedness (based on the hemisphere in which the experiment is
performed). The implications of such results to the origin of absolute chirality in biological
systems are intriguing.
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3.2.1. Birefringence

Irradiation with light polarized in the y-direction will lead to net alignment of chromophores
in the x-direction. As a result, the refractive index probed in the x-direction, n,, will measure
the azo long axis and will be larger than n,. Birefringence is the anisotropy in refractive
index: An = n, — n,. Photoalignment in azobenzene systems can achieve extremely high
values of An, up to 0.3-0.5 at ~633 nm [200, 201]. Importantly, very high birefringence values
can be obtained far outside of the azo absorption band, which means that the birefringence
can be utilized/measured without disturbing the chromophores. An in-plane isotropic state
(n, = n,) can be restored by irradiation with circularly polarized light, and a fully isotropic
state can be obtained by heating above the glass-transition temperature.

The exact nature of the orientation can be rigorously quantified using optical techniques.
Using surface plasmon resonance spectroscopy or waveguide spectroscopy, the three orthog-
onal refractive indices in an oriented sample can be measured [202]. Stokes polarimetry can
be used to fully characterize the optical anisotropy, separating linear and circular compo-
nents [203]. The anisotropy of the cis population during irradiation can also be measured in
some systems [204, 205], where it is found that, as with trans, there is an enrichment perpen-
dicular to the irradiation polarization. In some LC systems, however, the cis population may
preferentially align with the irradiating polarization (which may be attributed to an optical
Fréedericksz transition) [206].

The birefringence can be written and erased hundreds of thousands of times, which
is important technologically [207]. Amorphous polymer systems with relatively high glass-
transition temperatures exhibit good temporal stability of any induced orientation. Upon
heating, some order will be lost, with full isotropy restored after heating past 7,. A short
spacer between the chromophore and the polymer backbone slows the growth of birefrin-
gence yet promotes stability, owing to hindered motion. Surprisingly, main-chain azos can
achieve high levels of birefringence, indicating relatively high polymer mobility [208-210].
As might be expected, (nanosecond) pulsed experiments lead to thermal effects, which
enhance chromophore motion, and thereby induced greater birefringence, at the same net
dose, compared to continuous-wave (cw) experiments [211, 212]. At very high pulsed fluence,
the thermal effects were too great and erased the induced birefringence.

The easily inscribed and erased birefringence has a number of unique applications. Most
readily, it can be used to create wave-plates [213] and polarization filters, which can be used
to separate right-handed from left-handed circularly polarized light [214]. The strong refrac-
tive index contrast, if patterned into a line, can serve as a channel waveguide [215, 216]. This
offers the unique possibility of optical devices that can be patterned, erased, and reused.
In principle, these photonic circuits could be altered during device operation, enabling opti-
cal routing of optical signals (i.e., optical computing). The switching of orientational order
can thus be used as an all-optical switch [217]. By illuminating an azo sample with a spa-
tially varying light pattern, birefringence gratings can also be formed [218-220]. These are
phase gratings, as opposed to amplitude gratings, and diffract light based on spatial variation
of the refractive index. This is the essence of holography: two interfering coherent beams
generate a spatially varying light pattern, which is encoded into the material. Under illumi-
nation of the material with one of the beams, the diffraction reproduces the other encoded
beam. In the case of liquid crystal samples, light induces a spatial pattern of nematic and
isotropic zones (which have different refractive indices). These holographic phase grating
can be rapidly formed, erased, and switched [221].

3.2.2. Nonlinear Optics

The requirements for nonlinear optical (NLO) response in any material is an asymmet-
ric (strictly, anharmonic) response of the electronic system. Pseudo-stilbenes, which have
push/pull substituents, have a strongly asymmetric electron distribution, which makes them
ideal NLO molecules (see, for instance, Fig. 10). For a bulk NLO response, one requires an
overall noncentrosymmetric material. This requirement is achieved in many inorganic crys-
tals. In organic systems, the broken symmetry is typically obtained by applying an electric
field at a temperature sufficient to allow for the molecular dipoles to align with the field.
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Figure 10. Example of a non-linear optic azo-polymer, used for photo-assisted poling [230].

This process is called electric field poling and is accomplished using interdigitated or flat
electrodes or a sharp charged needle (or grid) held above a grounded sample (called corona
poling). The NLO response is typically quantified using second-harmonic generation (SHG;
the emission of light at double the frequency of the incident beam), the electrooptic effect
(change of refractive index upon application of an electric field), or wave mixing experiments
(where various frequencies of light can be synthesized or enhanced). These also constitute
the main applications of NLO materials: they can be used to synthesize new frequencies of
light, to electrically switch a beam, or to allow two beams of light to interact and couple
(which can form the basis of an all-optical switch) [222].

Azo-polymers have been shown to be excellent NLO materials [7, 223-225]. In azo sys-
tems, one has the additional advantage of using light to affect the chromophores. Although
photoalignment orients the chromophore axis, it does not select out a preferred direction
for the molecular dipole (thus, an equal number of dipoles point “left” and point “right”). In
fact, evidence suggests that dipoles in these systems tend to orient antiparallel (H-aggregates)
[226, 227], thereby canceling polar order. Nevertheless, the photoalignment can be used to
facilitate the electric poling, enabling it to be performed at room temperature and with a
small dc field [228-231]. Furthermore, by using polarized light and its harmonic, a net non-
centrosymmetry can be obtained in an all-optical process [232, 233]. This occurs because the
mixture of a primary beam and its second harmonic creates a directional electric field in the
material.

Another interesting approach for NLO uses dendrons (“half-dendrimers”) with azo func-
tionalities [234]. The dendritic architecture forces all the chromophores within the dendron
to align, which strongly enhances the NLO response. The dendron had a first-order molec-
ular hyperpolarizability 20 times larger than the monomer. With regard to applications, the
azos have been shown to function as electro-optical switches [235] and to exhibit photore-
fraction [64, 236-238], an NLO effect where photoconductivity permits light to establish a
space charge grating, whose associated index grating refracts a probe light beam.

3.3. Domain Motion

The orientation and reorientation of liquid-crystalline domains has already been outlined.
The azo chromophores act as mesogens, and their photoalignment becomes transferred to
the LC host. A very small azo content (a few mole percent [102]) can lead to orientational
control of LC domains. This is an excellent example of amplification of the azo molecular
motion. The phase of a liquid crystal can also be switched with light. Irradiation produces
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cis isomers, which are poor mesogens and destabilize the nematic phase, thereby inducing a
phase transition to the isotropic state. There are comparatively few examples of phototrig-
gered increases in LC ordering. In one case, a nanoscale phase separation of the cis isomers
led to a net increase in the order parameter of the LC phase [239]. In another system,
a chiral azo was found to induce a cholesteric phase when it was in the cis state [240].

With liquid-crystalline [241] or preoriented amorphous samples [242], one can photoin-
duce a chiral domain structure. Incident circularly polarized light becomes elliptically polar-
ized due to the first oriented layer. This ellipse subsequently reorients deeper chromophores,
which in turn modify the ellipticity of the light. This reorientation continues throughout
the film depth. Overall, a chiral ordering of the chromophore domains is established [243].
Remarkably, one can switch between a right- and left-handed supramolecular helix at will, by
changing the incident light handedness. There are many other examples of photocontrol of
supramolecular order. The pitch of a cholesteric LC can be modified by isomerization [244].
Biomacromolecular variants abound [51]. Azo-modified polypeptides can be photoswitched
between ordered states (a-helix or B-sheet) and a random coil [245-247]. The duplex of
modified DNA can be reversibly switched [248], and the catalytic activity of histidine can be
controlled [249].

Photoisomerization can also affect self-assembly behavior at the domain level. On irra-
diation, one can induce a phase change [250], a solubility change [251, 252], crystallization
[253], or even reversal of phase separation [254]. The critical micelle concentration (cmc)
and surface activity can also be modified [255]. In an amphiphilic polypeptide system, self-
assembled micelles were formed in the dark and could be disaggregated with light [256].
When allowed to assemble as a transmembrane structure, the aggregate could be reversibly
formed and destroyed with light, which allowed for reversible photoswitching of ion trans-
port [257]. Related experiments on methacrylates [258, 259] and polypeptides [260] showed
that a polymer’s chiral helix could be reversibly suppressed on irradiation. In a series of
polyisocyanate polymers, it could be selected whether irradiation would suppress or increase
chirality [261, 262].

3.4. Micrometer-Scale Motion

The azos exhibit a unique and remarkable surface-mass transport under light illumination.
This optical patterning represents massive material transport on a micrometer and submi-
crometer length scale. This mass transport provides a unique opportunity for nanostructure
formation and will be described in detail in Section 4.

3.5. Macroscopic Motion

It is interesting to study whether the azobenzene molecular conformational changes can
result in changes to bulk phenomena or even to macroscopic motion. The first consideration
is whether the material expands to an appreciable extent. In monolayers, it is well estab-
lished that the larger molecular size of the cis leads to a corresponding lateral expansion
[263], which can modify other bulk properties. For instance, this allows photomodulation
of a monolayer’s water contact angle [264] or surface potential [265]. Using fluorinated
azo-polymer, good photocontrol [266] and photopatterning [267] of wettability has been
demonstrated. A monolayer of azo-modified calixarene, when irradiated with a light gra-
dient, produced a gradient in surface energy sufficient to move a macroscopic oil droplet
[268], suggesting possible applications in microfluidics. Modest photoinduced contact angle
changes for thin polymer films have also been reported [41].

In layered inorganic systems with intercalated azobenzenes, reversible photochanges in the
basal spacing (on the order of 4%) can be achieved [269, 270]. In polymer films, there is some
evidence that the film thickness increases, as measured by ellipsometry [215] (the refractive
index certainly changes [271], but this is not an unambiguous demonstration of expansion/
contraction). Related are experiments that show that external applied pressure tends to
hinder photoisomerization [272]. Photocontraction for semicrystalline main-chain azos has
been measured [68, 273]. This photomechanical response presumably occurs because of
the shortening of the polymer chains upon trans — cis conversion. On the other hand,
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photoexpansion would seem to be contradicted by positron lifetime experiments that suggest
no change in microscopic free volume cavity size during irradiation [274]. More conclusive
experiments are in order.

The most convincing demonstration of macroscopic motion due to azo isomerization is
the mechanical bending and unbending of a free-standing polymer film [275, 276]. The
macroscopic bending direction may be selected either with polarized light or by aligning
the chromophores with rubbing. Bending occurs in these relatively thick films because the
free surface (which absorbs light) contracts, whereas the interior of the film (which is not
irradiated owing to the strong absorption of the upper part of the film) does not contract.
That these materials contract (rather than expand) appears again to be related to the main-
chain azo groups and may also be related to the LC nature of the cross-linked gels. For
a thin film floating on a water surface, a contraction in the direction of polarized light
was seen for LC materials, whereas an expansion was seen for amorphous materials [277].
A related amplification of azo motion to macroscopic motion is the photoinduced bending
of a microcantilever coated with an azobenzene monolayer [278]. One can also invert the
coupling of mechanical and optical effects: by stretching an elastomeric azo film containing
a grating, one can affect its wavelength-selection properties and orient chromophores [279].

3.6. Other Applications of Azobenzenes

3.6.1. Photoswitches

As already pointed out, azo isomerization can be used to photoswitch a wide variety of other
properties (at numerous size scales). In addition to the optical changes already described,
it is worth noting that the transient change in material refractive index (due to the dif-
ferent n of cis and trans) can itself act as a photoswitch [280]. The azo photochromism
has even been suggested as a possible optical neural network element [281]. Binding and
transport properties can also be photoswitched [83, 282]. In some systems the redox poten-
tial and ionic conductivity can be switched with light [283]. Crown ethers [284, 285] and
calixarenes [286] functionalized with azobenzene can be used as reversible ion-binding sys-
tems. Thus, ion transport can be photoregulated. In other cases, the transport properties
can be photocontrolled not via binding, but based on changes in pore sizes [287-289]. In a
particularly elegant example, the size of nanochannels could be modified by irradiating azo
ligands which decorated the channel walls [290]. Azo-derivatized gramicidin ion channels
represent a unique case where ion transport can be photocontrolled by optical manipulation
of a biomolecule [291]. In addition to obvious applications in controlled transport, this offers
the possibility of studying cells by controlling the timing of the ion exchange processes. Pho-
toinduced catalysis is also possible: for instance, using molecules where only the cis form is
catalytically active [292]. Extension of the molecular imprinting technique to azo-polymers
allows for photoswitching of binding activity with respect to the imprinted molecule [293].

3.6.2. Photoprobes

The properties of an azo chromophore (spectrum, isomerization kinetics, etc.) depend
strongly on the local environment. This enables the possibility of using the chromophore
as a molecular sensing element: a photoprobe. For instance, it has been found that many
azo properties depend on local H* concentration, to the extent that the azo can in fact be
used as a pH meter [144, 294]. As already mentioned, the isomerization kinetics can also be
used as a probe of free volume [13, 190], local aggregation [42], or phase transitions. The
azo molecule is small and exhibits clean photochemistry, which makes it more versatile and
robust than many other photoprobes. The rate of isomerization is also remarkably insensitive
to temperature [295]. This is an area of research that deserves considerably more attention.

In a more sophisticated example, azo chromophores were used to monitor protein fold-
ing [296, 297]. Specifically, femtosecond two-dimensional infrared (2D IR) spectroscopy was
used to monitor the distances between carbonyl groups in the peptide. An azo chromophore,
incorporated inside the polypeptide chain, was used as a photoswitch to initiate a confor-
mational change, hence initiate protein folding, on demand. Combined with time-resolved
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monitoring of the azo spectrum, this allows the deconvolution of folding dynamics. Pump-
probe ultrafast laser pulse experiments are being used to study many different chemical
reactions but are obviously limited to reactions that can be triggered by light. Incorporating
azobenzene into the experiment allows a wider range of reactions to be phototriggered.

3.6.3. Optical Data Storage

The azos have been investigated as optical storage media for some time. Early proofs of
principle were on Langmuir-Blodgett films, using photochromism [298] or birefringence
[299]. Increasingly, amorphous polymer systems are being recognized as promising materials.
In these easily processed systems, the birefringence is strong, stable, and switchable, making
them ideal for optical memories. A single domain could encode one bit by either being
isotropic or birefringent, a difference that is easily probed optically. The An values are large
enough, in fact, that a gray-level algorithm could be used, where each domain stores more
than one bit of data. On the negative side, the photoalignment generated in the direction
of the read/write beam leads to an effective loss of material performance with time. Full
anisotropy could be restored with heat, however (which can be local and photoinduced, with
appropriate device setup). The feasibility of storing ~30 Gbytes of data on a single-layer of
a removable disk using this gray-level approach has been demonstrated [201].

Even the fastest photoinduced birefringence in azo systems requires milliseconds and is
slow compared to most computer timescales. However, optical data storage is amenable to
gray-level read/write [300] and to storing/retrieving full two-dimensional “pages” of data at
a time. In principle, azo systems could achieve high data storage and retrieval speeds. The
full three-dimensional volume of a material can be used by encoding many layers of two-
dimensional data (pages) one on top of the other [301, 302]. This is accomplished by moving
the optical focal plane through the material.

An intriguing possibility for high-density storage is to use angular multiplexing [201]. By
storing multiple superimposed holograms in a single material, the data density is increased
dramatically, and the whole three-dimensional volume of the material is exploited [303].
Volume phase holograms in azo systems can have diffraction efficiencies greater than 90%
[304], making data readout robust. The hologram is encoded by interfering a reference beam
and a writing beam inside the sample volume, at a particular angle. The write beam, having
passed through a spatial light modulator (SLM), has a pattern corresponding to the data,
which is then holographically encoded in the sample. The entire page of data is written at
once. By selecting different angles, new pages of data can be written. To readout a page,
the azo-sample is set at the correct angle and illuminated with the reference beam. The
resulting diffraction pattern is imaged on a CCD array, which measures the encoded beam
pattern (data). The volume of data and transmission rate is clearly large: projections of
~1000 Gbytes in a single disk have been made. Since the entire hologram image is stored
throughout the material, the technique is fairly insensitive to dust, scratches, and pinpoint
defects.

The use of azo-substituted peptide oligomers appears to enable control of the order,
hence optimization for holographic applications [305]. Optical memories would be consid-
erably enhanced by using two-photon processes. This allows the addressable volume to be
smaller and better defined, while reducing cross-talk between encoded pages. Some azo chro-
mophores exhibit “biphotonic” phenomena, which could be employed to enhance optical
data storage.

4. SURFACE MASS TRANSPORT

In 1995, a surprising and unprecedented optical effect was discovered in polymer thin
films containing the azo chromophore Disperse Red 1 (DR1), shown in Figure 11. The
Natansohn/Rochon [306] research team and the Tripathy/Kumar collaboration [307] simul-
taneously and independently discovered a large-scale surface mass transport when the films
were irradiated with a light interference pattern. In a typical experiment, two coherent laser
beams, with a wavelength in the azo absorption band, are intersected at the sample sur-
face (refer to Fig. 12). The sample usually consists of a thin spin-cast film (10-1000 nm)
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Figure 11. Chemical structure of poly(disperse red 1) acrylate, pDR1A, a pseudo-stilbene side-chain azo-polymer
that generates high-quality surface-relief structures.

of an amorphous azo-polymer on a transparent substrate. The sinusoidal light interference
pattern at the sample surface leads to a sinusoidal surface patterning, i.e., a surface relief
grating (SRG). These gratings were found to be extremely large, up to hundreds of nano-
meters, as confirmed by AFM (Fig. 13). The SRGs diffract very efficiently, and in retro-
spect it is clear that many reports of large diffraction efficiency prior to 1995, attributed
to birefringence, were in fact due to surface gratings. The process occurs readily at room
temperature (well below the 7, of the amorphous polymers used) with moderate irradiation
(1-100 mW/cm?) over seconds to minutes. The phenomenon is a reversible mass transport,
not irreversible material ablation, since a flat film with the original thickness is recovered
upon heating above 7. Critically, it requires the presence and isomerization of azobenzene
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Figure 12. Experimental setup for the inscription of a surface relief grating: S refers to the sample, M are mirrors,
D is a detector for the diffraction of the probe beam, WP is a waveplate (or generally a combination of polarizing
elements), and BS is a 50% beam splitter. The probe beam is usually a HeNe (633 nm) and the inscription beam is
chosen based on the chromophore absorption band (often Ar™ 488 nm). (a) A simple one-beam inscription involves
reflecting half of the incident beam off of a mirror adjacent to the sample. (b) A two-beam interference setup
enables independent manipulation of the polarization state of the two incident beams.
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Figure 13. AFM image of a typical surface relief grating (SRG) optically inscribed into an azo-polymer film. Grating
amplitudes of hundreds of nanometers, on the order of the original film thickness, are easily obtained. In this
image, the approximate location of the film-substrate interface has been set to z = 0, based on knowledge of the
film thickness.

chromophores. Other absorbing but nonisomerizing chromophores do not produce SRGs.
Many other systems can exhibit optical surface patterning [308], but the amplitude of the
modification is much smaller, does not involve mass transport, and usually requires addi-
tional processing steps. The all-optical patterning unique to azobenzenes has been studied
intensively since its discovery, yet there remains controversy regarding the mechanism. The
competing interpretations will be discussed and evaluated here. Many reviews of the remark-
able body of experimental results are available [7, 62, 185, 309].

4.1. Experimental Observations

4.1.1. Dependence on Optical Parameters

The surface mass patterning unique to azobenzenes is a fundamentally optical process,
whereby the incident light pattern is encoded in the material. In a surface relief grating
experiment, two beams are intersected at an angle 26 at the sample surface, giving rise to
an SRG with period:

A
A= 2sin 6 (1)

where A is the wavelength of the inscription light. The amplitude (height) of the SRG
depends upon the inscription angle, displaying a maximum at 6 ~ 15° [310, 311]. Grating
height increases nonlinearly with irradiation time and power, up to a saturation point [312,
313]. At moderate fluence, the grating efficiency depends only on the net exposure, not on
the temporal distribution of irradiation. Gratings can be formed with intensities as low as
1 mW/cm?, as long as the inscription wavelength is within the azo absorption band. Most
chromophores used for SRG formation have a strong overlap of their trans and cis absorption
spectra, allowing both isomers to be excited with a single wavelength. On the other hand,
some experiments have been performed using azobenzenes with trans absorption in the
blue, and cis absorption in the red [314, 315]. Using an interference pattern of red HeNe
beams, inscription only occurs if a blue pump beam concurrently irradiates. This biphotonic
phenomenon proves that cycling of chromophores, and not simply isomerization, is required
for grating formation.

The phase relationship between the incident light field and the resulting surface deforma-
tion is crucial in understanding the mechanism of grating formation (Fig. 14). Early investi-
gations using the diffraction of an edge [306, 316, 317] and single-beam surface deformations
[318] convincingly showed that the light and surface relief are 180° out of phase. That is, light
intensity maxima correspond to valleys in the surface relief. In effect, material is moved out
of the light and into the dark regions. This rule appears to hold in the majority of cases, yet in
a number of systems the phase relationship seems to be exactly inverted, with mass transport
into illuminated regions. Specifically, in certain liquid-crystalline systems, the phase behavior
is inverted [277, 319, 320]. In one study, an amorphous material exhibited the “usual” phase
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Figure 14. Schematic of a grating with spacing A and amplitude /4. The usual phase relationship is indicated: light
intensity maxima correspond to valleys in the surface relief.

behavior, and a thin film of this polymer floating on water expanded in the direction of
the light polarization. A similar LC azo-polymer exhibited inverted phase behavior in SRG
experiments, and contracted in the direction of polarized illumination as a floating film. The
tempting conclusion is that amorphous and polymeric systems exhibit opposite photomechan-
ical response, which translates into opposite phase behavior in grating inscription. A possibly
relevant experiment showed that for LC systems, the cis chromophores may become prefer-
entially oriented along the light polarization direction, instead of perpendicular to it [206]. It
should be pointed out, however, that some LC systems exhibit the “usual” phase relationship
[321], and in one LC system, modification of a single ring substituent led to opposite phase
behavior [320].

Adding to the complexity of the phase relationship, it was observed that at high irradiation
power (>300 W/cm?) the behavior was inverted in amorphous systems [312]. Single-beam
experiments at high power showed a central peak instead of a depression. By exposing a
sample to a gradient two-beam intersection, a film was inscribed with a continuum of laser
intensitites. An in-phase grating was found in the high-power region and a conventional
out-of-phase SRG in the low-power region. The intermediate region clearly showed interdig-
itation of the peaks from the two regimes, resembling a doubling of grating period observed
by others. These double-period gratings can be formed in a number of amorphous systems,
using the polarization combinations of (p, p) or (+45°, —45°), with indications that even
the (s, s) and (p, s) combinations function to a certain extent [322-325]. Observations of
a double-frequency orientational grating underneath a normal surface relief grating have
also been reported [326]. The double-period surface relief gratings were attributed to inter-
ference between the diffracted beams from the primary grating, which gives rise to a light
modulation, with double the initial frequency, in the material. Whether these double-period
gratings are related to the inverted structures observed in high-intensity experiments and
some LC systems is an open question. It is interesting to note that some of the amorphous
polymers that exhibit double-frequency behavior have accessible LC phases at higher tem-
perature. Combined, these phase behavior results strongly suggest that there are (at least)
two mechanisms at play during surface patterning. One dominates at low intensity in amor-
phous systems, while another appears to dominate at higher intensity and in LC systems.
From an applied standpoint, these double-period gratings are of great interest, as they repre-
sent a means of generating patterned structures below the usual diffraction limit of far-field
optical lithography.

Of considerable importance is the fact that the optical inscription process is sensitive to
both intensity and polarization [327]. Different polarization combinations lead to different
amplitudes, &, of the inscribed SRG, as shown in Table 1 (the coordinate system is shown
in Fig. 15). An optical field vector component in the direction of light modulation (hence
mass transport) appears necessary [318]. Interestingly, SRGs can even be formed via pure
polarization patterns, where the light intensity is uniform over the sample surface [328].
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Table 1. Polarization patterns at the sample surface during SRG inscrip-
tion using a variety of polarized beam combinations. The ‘quality’ of the
SRG (as determined by grating height) is shown for comparison.
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In fact, the (s, s) and (RCP, RCP) combinations, which correspond to mainly variations in
intensity and little to no polarization contrast, produce very poor SRGs. By contrast, the
best gratings are obtained with (+45°, —45°) and (RCP, LCP) combinations, which involve
primarily variation in polarization state across the film. It should be noted, however, that the
exact polarization pattern present inside the material is not known. The pattern impinging
on the sample is readily calculated from knowledge of the input polarizations, yet in the bulk
of the material the light pattern will be redirected and repolarized based on the detailed
three-dimensional structure of the surface, refractive index, and birefringence. The optical
erasure of an SRG, performed by homogenous irradiation, is also polarization-dependant
[329, 330]. Thus, the gratings possess a memory of the polarization state during inscrip-
tion, encoded in the orientational distribution of chromophores at various grating positions.
Typically, gratings inscribed with highly favorable polarization combinations will be optically

spolarization

N

p polarization

Figure 15. Coordinate system used to describe surface relief grating inscription, with x running along the direction
of light modulation. The two incident beams have their polarization state controlled. The s polarization is parallel
to the surface, whereas the p state is parallel to the plane-of-incidence.
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erased more quickly. The s-polarization state, which produces poor gratings, is generally
optimal for performing the erasure. These results are obviously related to the orientational
distribution of chromophores after surface patterning and their subsequent interaction with
the erasing polarization.

4.1.2. Patterning

In a typical inscription experiment, a sinusoidally varying light pattern is generated at the
sample surface. What results is a sinusoidal surface profile: a surface relief grating (SRG).
This is the pattern most often reported in the literature, because it is conveniently generated
(by intersecting two coherent beams) and easily monitored (by recording the diffraction
intensity at a nonabsorbing wavelength, usually using a HeNe laser at 633 nm). However,
it must be emphasized that the azo surface mass transport can produce arbitrary patterns.
Essentially, the film encodes the impinging light pattern as a topography pattern. Both the
intensity and the polarization of light are encoded. What appears to be essential is a gradient
in the intensity and/or polarization of the incident light field. For instance, a single focused
Gaussian laser spot will lead to a localized depression, a Gaussian line will lead to an
elongated trench, etc. [318]. In principle, any arbitrary pattern could be generated through
an appropriate mask, interference/holographic setup, or scanning of a laser spot [185].

Concomitant with the inscription of a surface relief is a photoorientation of the azo chro-
mophores, which depends on the polarization of the incident beam(s). The orientation of
chromophores in SRG experiments has been measured using polarized Raman confocal
microspectrometry [323, 325, 331]. The strong surface orientation is confirmed by photo-
electron spectroscopy [332]. What is found is that the chromophores orient perpendicular to
the local polarization vector of the impinging interference pattern. Thus, for a (+45°, —45°)
two-beam interference, in the valleys (x = 0) the electric field is aligned in the y-direction, so
the chromophores orient in the x-direction, in the peaks (x = A/2) the chromophores orient
in the y-direction, and in the slope regions (x = A/4) the electric field is circularly polarized
and thus the chromophores are nearly isotropic. For a (p, p) two-beam interference, it is
observed that the chromophores are primarily oriented in the y-direction everywhere, since
the impinging light pattern is always linearly polarized in the x-direction. Mass transport
may lead to perturbations in the orientational distribution, but photoorientation remains the
dominant effect.

The anisotropy grating that is submerged below a surface relief grating apparently leads
to the formation of a density grating under appropriate conditions. It was found that upon
annealing an SRG, which erases the surface grating and restores a flat film surface, a density
grating began growing beneath the surface (and into the film bulk) [333, 334]. This density
grating only develops where the SRG was originally inscribed. It appears that the photoori-
entation and mass transport leads to the nucleation of liquid-crystalline “seeding aggregates”
that are thermally grown into larger-scale density variations. The thermal erasure of the
SRG, with concomitant growth of the density grating, has been measured [335] and mod-
eled [336]. Separating the components due to the surface relief and the density grating is
described in a later section. Briefly, the diffraction of a visible-light laser primarily probes
the surface relief, whereas a simultaneous X-ray diffraction experiment probes the density
grating. The formation of a density grating is similar to, and consistent with, the production
of surface topography [337] and surface density patterns [338], as observed by tapping mode
AFM, on an azo film exposed to an optical near-field. In these experiments, it was found that
volume is not strictly conserved during surface deformation [339], consistent with changes
in density.

4.1.3. Dependence on Material Properties

For all-optical surface patterning to occur, one necessarily requires azobenzene chro-
mophores in some form. There are, however, a wide variety of azo materials that have
exhibited surface mass patterning. This makes the process much more attractive from an
applied standpoint; it is not merely a curiosity restricted to a single system but rather a
fundamental phenomenon that can be engineered into a wide variety of materials. It was
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recognized early on that the gratings do not form in systems of small molecules (for instance,
comparing unreacted monomers to their corresponding polymers). The polymer molecular
weight (MW), however, must not be too large [311]. Presumably a large MW eventually
introduces entanglements which act as cross-links, hindering polymer motion. Thus interme-
diate molecular weight polymers (MW ~10°, arguably oligomers) are optimal. That having
been said, there are many noteworthy counter examples. Weak SRGs can be formed in
polyelectrolyte multilayers, which are essentially cross-linked polymer systems [149, 164, 176,
181]. Efficient grating formation has also been demonstrated using an azo-cellulose with
ultra-high molecular weight (MW ~107) [340, 341]. In a high molecular weight polypeptide
(MW ~10°), gratings could be formed where the grating amplitude was dependant on the
polymer conformation [342]. Restricted conformations (a-helices and S-sheets) hindered
SRG formation.

The opposite extreme has also been investigated: an amorphous molecular (nonpolymeric)
azo with bulky pendants exhibited significant SRG formation [343]. In fact, the molecular
version formed gratings more quickly than its corresponding polymer [344]. Another set of
experiments compared the formation of gratings in two related arrangements: (1) a thin
film of polymer and small-molecule azo mixed together and (2) a layered system, where
a layer of the small-molecule azo was deposited on top of the pure polymer [345]. The
SRG was negligible in the layered case. Whereas the authors suggest that “layering” inhibits
SRG formation, it may be interpreted that coupling to a host polymer matrix enhances mass
transport, perhaps by providing rigidity necessary for fixation of the pattern. A copolymer
study did in fact indicate that strong coupling of the mesogen to the polymer enhanced SRG
formation [346].

Gratings have also been formed in liquid-crystalline systems [319, 320]. In some systems, it
was found that adding stoichiometric quantities of a non-azo LC guest greatly improved the
grating inscription [347, 348]. This suggests that SRG formation may be an inherently coop-
erative process, related to the mesogenic nature of the azo chromophore. The inscription
sometimes requires higher power (>1 W/cm?) than in amorphous systems [349]. In den-
drimer systems, the quality of the SRG depends on the generation number [350].

Maximizing the content of azo chromophore usually enhances SRG formation [313],
although a copolymer study produced a counter example where intermediate functionaliza-
tion (50-75%) created the largest SRG [351]. Some attempts have been made to probe the
effect of free volume. By attaching substituents to the azo-ring, its steric bulk is increased,
which presumably increases the free volume requirement for isomerization. However, sub-
stitution also invariably affects the isomerization rate constants, quantum yield, refractive
index, etc. This makes any analysis ambiguous. At least in the case of photoorientation,
the rate of inscription appears slower for bulkier chromophores, although the net orienta-
tion is similar [352, 353]. For grating formation, it would appear that chromophore bulk is
of secondary importance to many other inscription parameters. The mass transport occurs
readily at room temperature, which is well below the glass-to-rubber transition temperature
(T,) of the amorphous polymers typically used. Gratings can even be formed in polymers
with exceptionally high 7, [208], sometimes higher than 370°C [354]. These gratings can
sometimes be difficult to erase via annealing [355].

4.1.4. Photosoftening

The formation of an SRG involves massive material motion. It would appear that the pro-
cess is in some way a surface phenomenon, since non-azo capping layers tend to inhibit the
phenomenon [356]. Many other experiments, however, confirm that azos deeper in the film
(which still absorb light) contribute to the mass transport [357]. It is clear that the azoben-
zene isomerization is necessary to permit bulk material flow well below the polymer 7. It is
usually postulated that repeated trans — cis — trans cycles “photosoften” or “photoplas-
ticize” the polymer matrix, enhancing polymer mobility by orders of magnitude. While this
explanation is very compelling, its direct observation has proved ambiguous. Clearly motion
is enabled during isomerization, as demonstrated by mass transport, increases in gas per-
meability [358], the segregation of some material components to the free surface [359], and
the ability to optically erase SRGs [314, 329, 330]. The fact that incoherent illumination
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during SRG inscription enhances grating formation may also be interpreted as evidence that
photosoftening is a dominant requirement for mass transport [360]. Numerous reports have
confirmed a reduction in the viscosity of polymer solutions upon trans to cis conversion
[361-363]. This photothinning can be attributed to both chain conformation (reduced hydro-
dynamic size) and interchain interactions. The extent to which such results can be extended
into bulk films is debatable. It is also worth noting that a depression of 7, near the surface
of a polymer film is now well-established [364]. One might be tempted to explain the mass
transport by suggesting that an ultra-thin layer of polymer material at the surface is suffi-
ciently mobile (below T,) to move, thereby exposing “fresh surface,” which then becomes
mobile. However, the T, depressions typically measured are not sufficient to account for
the process (especially in high-7, samples). Moreover, this does not explain why the mass
patterning is only observed in samples that contain azobenzene.

Despite compelling indirect experiments, there are few results that directly suggest pho-
tosoftening in bulk samples. Hints from AFM response [317], experiments with a quartz
crystal microbalance [365], and electromechanical spectroscopy [366] all indicate that pho-
tosoftening is occurring. However, the magnitude of the effect is quite small and certainly
much smaller than the change in mechanical response that occurs upon heating a polymer
to 7. Thus, although mobility appears to be comparable to that of a polymer above 7, other
mechanical properties are only slightly modified. It may indeed be that isomerization merely
enables localized molecular motion but that the continual creation of molecular free vol-
ume pockets, which are then reoccupied by neighboring isomerizing chromophores, enables
a net cooperative movement of material, akin to the displacement of a vacancy defect in a
crystal or a hole in a semiconductor [366]. More investigations, for instance using AFM in
the force—distance mode [367], may help to settle these questions.

4.1.5. Measuring Gratings

The formation of an SRG is typically monitored via the diffraction of a probe laser beam.
One must be careful in analyzing this diffraction efficiency, however, because a number of
simultaneous gratings will be generated in an azo sample during illumination with a light
pattern (Fig. 16). A light intensity pattern will lead to a chemical grating, since illuminated
regions will be more cis-rich than dark regions. The resultant spatial variation of absorbance
and refractive index will lead to various optical effects, including diffraction. This grating
is temporary, persisting only during irradiation. Simultaneously, a birefringence grating will

hv

Figure 16. Schematic of the different gratings that are formed during illumination of an azo sample. (a) Surface
relief grating (SRG). (b) Density grating (DG). (c) Birefringence (orientational) grating. (d) Chemical (trans/cis)
grating. All the gratings contribute to the observed diffraction efficiency, to varying extents. Gratings (b), (c) and
(d) are all refractive-index gratings.
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be inscribed. These birefringence patterns are stable and contribute to the observed final
diffraction efficiency. A surface relief grating is of course induced if there is any spatial
variation in intensity and/or polarization, and diffraction from this grating is very large, some-
times overwhelming other effects. Lastly, a density grating appears to be seeded beneath the
material surface, which will also lead to periodic variation of refractive index.

The contributions to diffraction due to the surface relief and birefringence gratings can
be deconvoluted using a Jones matrix formalism applied to polarized measurements of the
1st-order diffracted beams [61, 346, 368-370]. Similarly, scattering theory [336, 371] was used
to fit visible-light and X-ray diffraction data [335, 357, 372-374], in order to deconvolute
contributions due to surface relief and density (refractive index) gratings. For scattering from
an SRG, the x and z components of the momentum transfer are

k(sin6; — sin 6;)
nk(cos 6; + cos ;)

qx
q.

2

where 6; and 6, are the incident and reflected angles and k = 277 /A. For the visible diffracted
peak of order m (i.e., when g, = m2/A), the scattering intensity was derived to be

Ivis ~ |Jm(qzh) - eiquJm(qunmd)|2 (3)

where d is the film thickness, 4 is the grating height, An,, is the m-th Fourier component of
the refractive-index grating, and J,, is the m-th Bessel function. These Bessel functions can
give rise to oscillations in the diffraction signal (Fig. 17). Thus, one must be careful not to
implicitly assume a linear dependence between grating amplitude and diffraction efficiency.
Clearly, both the density and surface relief gratings contribute to the signal. For the X-ray
signal, the scattering amplitude is given by

. B
~ ig,d —m
Ax—ray ~ Jm(‘]zh) —e't ) (4)

where one must now use the g, appropriate for X-rays and B,, represents the Fourier com-
ponent of the density modulation (which is presumably identical to the index modulation).
The intensity is not simply the square of 4 but can be determined using Fresnel transmis-
sion functions. The visible scattering is mostly sensitive to the surface relief, and the X-ray
scattering is due primarily to the density modulation. Using both measurements, the two
contributions can of course be determined.

It is worth noting that chromophores may actually be disturbed by probe beams that are
well outside of the azo absorption window. For instance, it was found that illumination
using red light (outside of the azo absorption band) made density gratings (formed under-
neath surface relief gratings) stable against thermal erasure [334]. Others have found that
chromophores become slowly aligned even with red laser light, where absorption should be
nominal. Luckily the diffraction from azo gratings is intense, enabling the use of heavily
attenuated probe beams.
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Figure 17. Diffraction intensity of a 700 nm thick film as a function of the inscribed grating height, 4, and induced
refractive-index grating (An), based on equation (3). The diffraction intensity is not a linear function of either
variable. Oscillations in the signal can complicate analysis of experiments.
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4.1.6. Dynamics

Many dynamic measurements of SRG inscription have been made. To a first approximation,
the inscription process does not depend on the temporal distribution of laser power, only
on the net exposure. Yet this general rule breaks down at high and low power and for
short or interrupted exposures, revealing more complications inherent to the process. The
inscription appears to be nonlinear, saturating with inscription time and power and being
dependent upon history [375]. Interestingly, the growth of the gratings appears to continue
for a short time after illumination has ceased, hinting at a photoinduced stress that persists in
the dark. This may be due to the relatively slow decay of the cis population. For short (<2 s)
moderate-power laser pulses, no permanent grating can be formed, even after repeated
pulse exposure [376]. For longer (>5 s) pulses, material deformation can be seen after every
exposure, and repeated exposure eventually leads to an SRG. These short pulses give rise to
localized hills that eventually become a smooth sine wave. This implies that with sufficient
power, individual azo chromophores or nanodomains deform, which when summed lead to
a grating. Although short exposures do not form permanent gratings, some response is seen,
possibly indicating elastic deformation [357, 373] in addition to plastic flow.

The formation and erasure of surface relief and density gratings in azo films has been
measured and modeled. Using the formalism described in the previous section, one can fit
the measured scattering by allowing ~ and An (or B,,) to vary in time. For instance, the
erasure of the SRG, and concomitant enhancement and then disappearance of the X-ray
signal, can be fit by using [335].

1
h = hmax _
14 exp( et )
' 5
o ; )
m = m, max T*CDGTg
1+ eXP( Eq pG )

where E, ; and C; are the activation energy and a fitting parameter, respectively, for the
surface relief (SRG) and density (DG) gratings. It is found that the surface relief grating
begins disappearing ~15 K before 7,. In contrast to this thermal erasure of SRGs, it appears
that in some liquid-crystalline systems, thermal treatment after SRG formation leads to an
enhancement of the grating height [377, 378]. In these cases, heating may enable motion
and aggregation of chromophores.

4.2. Mechanism

Several mechanisms have been described to account for the microscopic origin of the driv-
ing force in azobenzene optical patterning. Arguments have appealed to thermal gradients,
diffusion considerations, isomerization-induced pressure gradients, and interactions between
azo dipoles and the electric field of the incident light. Considering the large body of exper-
imental observations, it is perhaps surprising that the issue of mechanism has not yet been
settled. At present, no mechanism appears to provide an entirely complete and satisfactory
explanation consistent with all known observations. On the other hand, viscoelastic model-
ing of the process has been quite successful, correctly reproducing nearly all experimentally
observed surface patterns, without directly describing the microscopic nature of the driv-
ing force. Fluid mechanics models provided suitable agreement with observations [379] and
were later extended to take into account a depth dependence and a velocity distribution in
the film [380, 381], which reproduces the thickness dependence of SRG inscription. A fur-
ther elaboration took into account induced anisotropy in the film and associated anisotropic
polymer film deformation (expansion or contraction in the electric field direction) [382].
The assumption of an anisotropic deformation is very much consistent with experimental
observations [277]. Such an analysis, remarkably, reproduced most of the polarization depen-
dence, predicted phase-inverted behavior at high power, and even demonstrated double-
period (interdigitated) gratings. A nonlinear stress-relaxation analysis could account for the
nonlinear response during intermittent (pulse-like) exposure [375]. Finite-element linear
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viscoelastic modeling enabled the inclusion of finite compressibility [383]. This allowed the
nonlinear intermittent-exposure results and, critically, the formation of density gratings, to
be correctly predicted. This analysis also demonstrated, as expected, that surface tension acts
as a restoring force that limits grating amplitude (which explains the eventual saturation).
Finally, the kinetics of grating formation (and erasure) have been captured in a lattice Monte
Carlo simulation that takes into account isomerization kinetics and angular redistribution
of chromophores [384-386]. Thus, the nonlinear viscoelastic flow and deformation (com-
pression and expansion) of polymer material appear to be well-understood. What remains
to be fully elucidated is the origin of the force inside the material. More specifically, the
connection between the azobenzene isomerization and the apparent force must be explained.

4.2.1. Thermal Considerations

Models involving thermal effects were proposed when SRG formation was first observed.
Although simple and appealing, a purely thermal mechanism would not account for the
polarization dependence that is observed experimentally. The grating formation proceeds at
remarkably low laser power, thus thermal mechanisms appear untenable. A more detailed
modeling analysis [387] showed that the temperature gradient induced in a sample under typ-
ical SRG formation conditions was on the order of 10~* K. This thermal gradient is much too
small for any appreciable spatial variation of material properties. The net temperature rise
in the sample was found to be on the order of 5 K, which again suggests that thermal effects
(such as temperature-induced material softening) are negligible. On the other hand, high-
intensity experiments have shown the formation of gratings that could not be subsequently
thermally erased [312]. It is likely that in these cases a destructive thermal mechanism plays
a role. In nanosecond pulsed experiments, gratings can be formed [388-391]. However, these
gratings are due to irreversible ablation of the sample surface, a phenomenon well estab-
lished in high-power laser physics. Moreover, the formation of gratings at these energies
does not require azobenzene: any absorbing chromophore will do [392]. Computer modeling
confirms temperature rises on the order of ~8000 K for nanosecond pulses [387], clearly an
entirely different regime from the facile room-temperature patterning unique to azo chro-
mophores. Although thermal effects should be considered for a complete understanding of
SRG formation (especially the phase-inverted structures observed at higher power), they
appear to be negligible for typical irradiation conditions at modest laser power.

4.2.2. Asymmetric Diffusion

An elegant anisotropic translation mechanism was developed by Lefin, Fiorini, and Nunzi
[393, 394]. In this model, material transport occurs essentially due to an (orientational) con-
centration gradient. It is suggested that the rapid cycling of chromophores between trans and
cis states enables transient, random motion of molecules preferentially along their long axis,
due to the inherent anisotropy of azo molecules. The probability of undergoing a random-
walk step is proportional to the probability of isomerization, which of course depends upon
the light intensity and the angle between the chromophore dipole and the incident electric
vector. This predicts a net flux of molecules out of the illuminated areas and into the dark
regions, consistent with experiment. This process would be enhanced by pointing dipoles in
the direction of the light gradient (towards the dark regions). This would appear to explain
the polarization dependence to a certain extent. In contrast to experiment, however, this
model implies the best results when using small molecules, not polymers. For polymer chains
laden with many chromophores, random motion of these moeities would presumably lead to
a “tug-of-war” that would defeat net transport of the chain. It is at present not clear that the
driving force in this model is sufficient to account for the substantial mass transport (well
below T,) observed in experiments.

4.2.3. Mean-Field Theory

Mechanisms based on electromagnetic forces are promising, since they naturally include the
intensity and polarization state of the incident light field. In the mean-field model developed
by Pedersen et al. [395, 396], each chromophore is subject to a potential resulting from all
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the other chromophore dipoles in the material. Irradiation orients chromophores, and this
net orientation leads to a potential that naturally aligns other chromophores. Furthermore,
there is an attractive force between side-by-side chromophores that are aligned similarly.
This leads to a net force on chromophores in illuminated areas, causing them to order and
aggregate. Obviously this model predicts an accumulation of chromophores in the illumi-
nated areas. Thus surface relief peaks will be aligned with light intensity maxima. While this
result does not agree with experiments in amorphous samples, it is consistent with many
experiments on LC systems. The mean-field model inherently includes intermolecular coop-
erativity and orientational order, and it appears natural that it would be manifest in mobile
liquid-crystalline systems. The polarization state of incident light is explicitly included in the
model, as it serves to align dipoles and thus enhance the mean-field force. Because of this,
even pure polarization patterns lead to gratings in this model. This mechanism appeals to
the unique properties of azobenzenes only to explain the photoorientation of dipoles. If this
mechanism is general, one would expect it to operate on nonisomerizing dipoles that had
been aligned by other means, which has not yet been observed.

4.2.4. Permittivity Gradient Theory

A mechanism involving spatial variation of the permittivity, &, has been suggested by Baldus
and Zilker [397]. This model assumes that a spatial modulation of the refractive index,
hence permittivity, is induced in the film. This is certainly reasonable given the well-known
photoorientation and birefringence gratings in azo systems. A force is then exerted between
the optical electric field and the gradient in permittivity. Specifically, the force is proportional
to the intensity of the electric field in the mass transport direction and to the gradient of
the permittivity:

f= —%E2v3 (6)

Mass is thus driven out of areas with a strong gradient in &, which in general moves material
into the dark (consistent with the phase relationship in amorphous systems). Here again the
mechanism appears general: any system with spatial variation of refractive index should be
photopatternable, yet this is not observed. This model would appear to require that adequate
photoorientation precede mass transport. Most experiments indicate, however, that both
orientational and surface relief phenomena begin immediately and continue concurrently
throughout inscription. This model was used to explain SRG formation in pulsed experiments
[390, 392], where thermal effects were suggested as giving rise to the spatial variation of
permittivity, but the resulting force was essentially identical. However, conventional laser
ablation appears to be a simpler explanation for those results [387].

4.2.5. Gradient Electric Force

A mechanism was proposed by Kumar et al. based on the observation that an electric field
component in the direction of mass flow was required [317, 328, 398]. This force is essentially
an optical gradient force [399-401]. Spatial variation of the light (electric field intensity and
orientation) leads to a variation of the material susceptibility, y, at the sample surface. The
electric field then polarizes the material. The induced polarization is related to the light
intensity and local susceptibility:

Fi ZBOXIJEJ (7)
Forces then occur between the polarized material and the light field, analogous to the net

force on an electric dipole in an electric field gradient. The time averaged force was derived
to be [328]

f=A((P -V)E) ®)

The grating inscription is related to the spatially varying material susceptibility, the magni-
tude of the electric field, and the gradient of the electric field. This theory was extended
to include near-field optical gradient forces, which have been used for patterning in some
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experiments [402]. The gradient force model naturally includes the polarization dependence
of the incident light and reproduces essentially all of the polarization features of single-beam
and SRG experiments. It has been pointed out [185], however, that another analysis [403]
of forces exerted on polarizable media suggested a dependence on the gradient of the elec-
tric field, but not its polarization direction. The gradient force theory requires azobenzene
photochemistry to modulate susceptibility via photo-orientation and also implicitly assumes
that “photoplasticization” is enabling mass transport. It would appear, however, that the
force density predicted by this model is much too small to account for mass transport in
real systems. A straightforward analysis presented by Saphiannikova et al. [383] is described
here. In the case of two circularly polarized beams (for instance), the force acting in the
x-direction, according to the gradient electric force model, would be

f = —keyxE} sin (1 + cos® 0) sin(kx sin 6) )

where 26 is the angle between the two beams and k = 27/A. Since E} = 2Iz,, where z, is
the vacuum impedance and [ is the light intensity, the maximum expected force is

4
fmax = TSOZOXI (10)

Given that g, = 8.854 x 10712 C*/(Nm?), | x| ~ 1, and z, = 377  and using the typical values
I =100 mW/cm? and A = 488 nm, we obtain a force density of ~100 N/m?*. Not only is this
2 orders of magnitude smaller than the force of gravity (which itself is presumably negligible),
but it falls short of the estimated 10''-10'* N/m? necessary for mass transport in polymer
films to occur [383].

4.2.6. Isomerization Pressure

One of the first mechanisms to be presented was the suggestion by Barrett et al. of pressure
gradients inside the polymer film [311, 379]. The assumption is that azobenzene isomer-
ization generates pressure due both to the greater free volume requirement of the cis and
to the volume requirement of the isomerization process itself. Isomerization of the bulky
chromophores leads to pressure that is proportional to light intensity. The light intensity
gradient thus generates a pressure gradient, which of course leads to material flow in a fluid
mechanics treatment. Order-of-magnitude estimates were used to suggest that the mechan-
ical force of isomerization would be greater than the yield point of the polymer, enabling
flow. Plastic flow is predicted to drive material out of the light, consistent with observations
in amorphous systems. At first it would seem that this mechanism cannot be reconciled with
the polarization dependence, since the pressure is presumably proportional to light intensity,
irrespective of its polarization state. However, one must more fully take orientational effects
into account. Linearly polarized light addresses fewer chromophores than circularly polar-
ized light and would thus lead to lower pressure. Thus, pure polarization patterns can still
lead to pressure gradients. Combined with the fact that the polarized light is orienting (and
in a certain sense photobleaching), this can explain some aspects of the polarization data.
The agreement, however, is not perfect. For instance, the (s, s) and (p, p) combinations
lead to very different gratings in experiments. It is possible that some missing detail related
to polarization will help explain this discrepancy.

Combining a variety of results from the literature, it now appears the mechanical argu-
ment of a pressure mechanism may be correct. In one experiment, irradiation of a trans-
ferred Langmuir-Blodgett film reversibly generated ~5 nm “hills,” attributed to nanoscale
buckling that relieves the stress induced by lateral expansion [404]. This result is conspicu-
ously similar to the spontaneous polarization-dependant formation of hexagonally arranged
~500 nm hills seen on an amorphous azo-polymer sample irradiated homogeneously [405,
406]. In fact, homogeneous illumination of azo surfaces has caused roughening [366] and
homogeneous optical erasure of SRGs leads to similar pattern formation [330]. The early
stages of SRG formation, imaged by AFM, again show the formation of nanometer-sized
hills [376]. Taken together, these seem to suggest that irradiation of an azo film leads to
spontaneous lateral expansion, which induces a stress that can be relieved by buckling of the
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surface, thereby generating surface structures. In the case of a light gradient, the buckling is
relieved by mass transport coincident with the light field that generated the pressure inside
the film. In an experiment on main-chain versus side-chain azo-polymers, the polarization
behavior of photodeformation was opposite [339]. This may be explained by postulating that
the main-chain polymer contracts upon isomerization, whereas the side-chain polymer archi-
tecture leads to net expansion. Similarly, the opposite phase behavior in amorphous and LC
systems may be due to the fact that the former photoexpand and the latter photocontract
[277]. Lastly, many large surface structures were observed in an azo-dye-doped elastomer
film irradiated at high power (4 W/cm?) [407]. The formation of structures both parallel and
perpendicular to the grating direction could be attributed to photoaggregation of the azo
dye molecules and/or buckling of the elastomeric surface. Thus a purely photomechanical
explanation may be able to describe surface mass transport in azo systems. Further inves-
tigations into reconciling this model with the polarization dependence of inscription are in
order. Presumably photo-orientation will play a key role.

4.3. Applications of Surface Mass Transport

The rapid, facile, reversible, and single-step all-optical surface patterning effect discovered in
a wide variety of azobenzene systems has, of course, been suggested as the basis for numer-
ous applications. Azobenzene is versatile, amenable to incorporation in a wide variety of
materials. The mass patterning is reversible, which is often advantageous. On the other hand,
one may use a system where cross-linking enables permanent fixation of the surface patterns
[408]. Many proposed applications are optical and fit well with azobenzene’s already exten-
sive list of optical capabilities. The gratings have been demonstrated as optical polarizers
[409], angular or wavelength filters [410, 411], and couplers for optical devices [412]. They
have also been suggested as photonic band gap materials [413] and have been used to create
lasers where emission wavelength is tunable via grating pitch [414, 415]. The process has,
of course, been suggested as an optical data storage mechanism [416]. The high-speed and
single-step holographic recording has been suggested to enable “instant holography” [389],
with obvious applications for industry or end consumers. Since the hologram is topographi-
cal, it can easily be used as a master to create replicas via molding. The surface patterning
also allows multiple holograms to be superimposed, if desired. A novel suggestion is to
use the patterning for rapid prototyping of optical elements [417]. Optical elements could
be generated or modified quickly and during device operation. They could thereafter be
replaced with permanent components, if required.

The physical structure of the surface relief can be exploited to organize other systems.
For instance, it can act as a command layer, aligning liquid crystals [418-422]. The grat-
ing can be formed after the LC cell has been assembled and can be erased and rewritten.
Colloids can also be arranged into the grooves of an SRG, thereby templating higher order
structures [423, 424]. These lines of colloids can then be sintered to form wires [425]. The
surface topography inscription process is clearly amenable to a variety of optical-lithography
patterning schemes. These possibilities will hopefully be more thoroughly investigated. One
advantage of holographic patterning is that there is guaranteed registry between features
over macroscopic distances. This is especially attractive as technologies move towards wiring
nanometer-sized components. One example in this direction involved evaporating metal onto
an SRG and then annealing. This formed a large number of very long (several millime-
ters) but extremely thin (200 nm) parallel metal wires [426]. Of interest for next-generation
patterning techniques is the fact that the azo surface modification is amenable to near-
field patterning, which enables high-resolution nanopatterning by circumventing the usual
diffraction limit of far-field optical systems. Proof of principle was demonstrated by irradi-
ating through polystyrene spheres assembled on the surface of an azo film. This results in a
polarization-dependent surface topography pattern [337] and a corresponding surface den-
sity pattern [338]. Using this technique, resolution on the order of 20 nm was achieved [427].
This process appears to be enhanced by the presence of gold nanoislands [428]. It was also
shown that volume is not strictly conserved in these surface deformations [339]. In addition
to being useful as a sub-diffraction limit patterning technique, it should be noted that this
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is also a useful technique for imaging the near-field of various optical interactions [429].
The (as of yet not fully explained) fact that sub-diffraction limit double-frequency surface
relief gratings can be inscribed via far-field illumination [322-325] further suggests the azo-
polymers as versatile high-resolution patterning materials.

5. CONCLUSIONS

Azobenzene polymers are versatile and functional materials that exhibit photoresponsive
behavior not seen in any other system. They are fundamentally interesting as optical materi-
als. As already described, azo materials have been demonstrated as waveguides, polarization
filters, couplers, nonlinear devices, data storage elements, etc. More significant than the
mere demonstration of all these optical components is the ability to induce them all in a
single material. Thus, azo-polymers have often been viewed as a future all-in-one scaffold
for optical processing, i.e., the optical analogue of an integrated chip. This is a promising
possibility for the future that has not been sufficiently investigated. So far, there has been
no convincing demonstration that all these effects can be conveniently combined in a single
film, using a procedure that is inherently scalable. It remains to be seen if azo-polymers will
emerge as the scaffold of choice for next-generation optical systems.

In addition to being useful in a variety of photoswitching roles, the azobenzene isomer-
ization, being fundamentally a geometrical motion, can give rise to many types of motion.
These motions can lead to formation of structures at a variety of length scales, from molec-
ular to macroscopic. Furthermore, the formation of these structures is optically controlled,
which is very attractive to modern industry. At a molecular level, there is much promise in
exploiting azobenzenes to control the organization of nanomaterials and the functioning of
nano-mechanical devices. At a nanometer level, these materials can be used to form arbi-
trary surface patterns in a single-step process. At a macroscopic level, the motion could be
exploited in a variety of photoactuators and artificial muscles.

With regard to the mechanism of surface mass transport, there is a need for further the-
ory and experiments. An emerging possibility is that two competing mechanisms apply at
different power levels. In some systems, notably liquid-crystalline ones, motion is sufficiently
free that the “high-power” mechanism is readily accessible. Such an interpretation seems to
resolve the apparent conflict between many different results. The nature of the two mech-
anisms, of course, remains an open question. The high-power mechanism may be due to
mean-field forces. Again, in mobile LC systems, or at sufficient power, one might expect
molecules to align, attract one another, and move cooperatively. In the low-power regime,
a photomechanical mechanism appears tenable, although polarization questions need to be
addressed, presumably by appealing to photo-orientation phenomena. From an applied per-
spective, the azo-polymers are ideal for high-performance optical lithography. Specifically,
these materials have been patterned at the sub-diffraction limit level, thus showing that any
material resolution limits are below the usual optical limits. The double period gratings that
have been produced show that these systems are amenable to sub-diffraction limit pattern-
ing even with far-field illumination. Ongoing research is evaluating these effects in terms of
facile optical formation of nanostructures.
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