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Exciting new applications, from large-area nanopatterning and templating to soft light-powered
robotics, are emerging from the fundamental research on light-triggered changes in
macromolecular systems upon photoisomerization of azobenzene-based molecular
photoswitches. The understanding of how the initial molecular-scale photoisomerization of
azobenzene, a complex photochemical event in itself, is translated into the response of
macromolecules and even into macroscopic-scale motion of illuminated azomaterials is an
enormous task. This feature article focuses on how this knowledge has advanced by applying
different vibrational spectroscopy techniques that provide rich molecular insight into the
photoresponse of chemically specific molecular moieties. In particular, we highlight infrared
and Raman spectroscopic studies in the context of phototriggered perturbation of self-
assembled structures, photoinduced linear and circular anisotropy, as well as photoinduced
surface patterning, with the objective of offering a perspective on how vibrational spectroscopy

can help in answering an array of essential yet unsettled questions.
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1. Introduction

Light is a powerful and tunable remote-control tool for photoresponsive macromolecules. The
motivations for incorporating molecular photoswitches or light-powered motors within
macromolecules can be roughly divided into two main categories. The first encompasses
materials science and engineering purposes, such as designing new photoresponsive liquid
crystals (LC), light-shaped micro- and nanofabrication templates, and photomechanical
polymers for direct conversion of the electromagnetic energy of light into kinetic energy.!-!
The second involves biological purposes, as in the external control of the structure and/or
function of biomacromolecules such as peptides, proteins, nucleic acids, lipids, and

(4 5] The term “photoswitching” can refer to many kinds of photoinduced

carbohydrates.
chemical changes, such as the photolysis of covalent bonds,®! photoinduced electron transfer!”)
and ring-closure reactions,!® °! examples that highlight the diversity of photoswitching
reactions.['”) For greater detail, reviews on the application of vibrational spectroscopy to
rotaxane-based molecular machines,!'!! molecular motors, ' and molecule-based electronics,
such as molecular electronic switches, '*! are highly recommended.

In this feature article, we will focus on one of the most commonly used photoswitches, both for
materials engineering and biological applications, namely azobenzene.['¥ This motif is known
to change its geometry upon illumination with ultraviolet or visible light, in a so-called
photoisomerization reaction from the thermodynamically stable trans conformation to the bent
cis conformation (Figure 1a).'> 8] This reaction can be used to both decrease and destroy
existing order in materials, as in the cases of photoinduced unfolding of azobenzene-crosslinked
alpha-helical peptides,!'”! photoinduced nematic-isotropic phase transitions!'®! and isothermal
solid-to-liquid transitions,'”) or, on the contrary, to induce order and anisotropy in initially
isotropic or less ordered materials, such as in photoinduced birefringence, photoinduced

chirality, all-optical poling, and surface relief grating (SRG) formation.[>2%-21]



The photoisomerization of individual azobenzene moieties is known to occur in the picosecond
timescale and results in changes in its molecular dimensions and properties, such as its dipole
moment, solubility and UV-visible absorption.['! Apolar azobenzene molecules typically have
well isolated cis and trans absorption bands along with long thermal cis lifetimes. They are
therefore suitable for optical switching applications where two "stable" long-lived states are
required. In contrast, functionalizing azobenzene molecules with electron donating and electron
withdrawing substituents (or push-pull substitution) alters their photochemistry, typically
leading to an overlap of cis and trans absorption bands and thus to quasi-continuous
photoswitching between the trans and cis geometrical isomers.!!- 6]

Examples of drastic changes in material systems resulting from bistable photoswitching
between trans and long-lived cis isomers are illustrated in Figure 1b-d and include
photoswitching of the tilt of liquid crystals by an azopolymer command layer,??) the light-
powered contraction of a helical ribbon of a liquid crystalline azopolymer, mimicking plant
tendrils,*! and the photoinduced decrease in helix content of a peptide cross-linked by an
azobenzene.l'”l Demonstrations of the use of continuous azobenzene photoswitching between
the two geometrical isomers, shown in Figure le-g, include light-powered cantilever oscillators
made of an azobenzene-containing liquid crystalline polymer!?* 231 and photoinduced surface
patterning of azomaterials under polarization and/or intensity interference pattern irradiation,
applicable as large-area micro- and nanofabrication templates,?®! as well as distributed
feedback lasers.[?”> 28] Despite such wide application prospects, a fundamental understanding of
how the photoswitching of azobenzene is converted into a photoresponse of a macromolecular

system is still incomplete although essential for optimizing these photoresponsive materials.
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Figure 1. Azobenzene photoisomerization reaction (a, center) along with selected applications
of azobenzene-containing macromolecular systems involving bistable (b-d, left side) and
continuous (e-g, right side) photoswitching. b) Reversible photoalignment of liquid crystals by
an azobenzene-containing command layer. ¢) Plant dendril mimicking light-powered ribbons
that can move a magnet upon contraction of the ribbon. d) Light-induced unfolding of the
helical structure of a peptide. e) Light-powered high-frequency cantilever oscillator.
Photoinduced surface patterning of azopolymers f) employed as a template for the fabrication
of plasmonic large-area gold nanohole arrays, and g) used as a building block for distributed
feedback lasers. Figure 1b adapted with permission from Seki.®) Copyright 2014. Nature
Publishing Group. Figure 1c adapted with permission from Iamsaard et al.[**! Copyright 2014.
Nature Publishing Group. Figure 1d adapted with permission from Woolley.!'”? Copyright 2005.
American Chemical Society. Figure le adapted with permission from Serak et al.?* Copyright
2009. Royal Society of Chemistry. Figure 1f adapted with permission from Moerland et al.[*®]
Copyright 2014. Royal Society of Chemistry. Figure 1g adapted with permission from
Goldenberg et al.>”l Copyright 2012. Wiley-VCH.

Many characterization methods can and should be combined to bridge the gap of understanding

between photoinduced molecular processes and the photoresponse of macromolecular systems.
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Vibrational spectroscopy can contribute to this goal since it provides a wealth of information
about the molecular environment, including conformation, intra- and intermolecular
interactions, and phase behavior (such as the presence of and dynamic changes in crystallinity
or liquid crystalline mesophases).!?* 3% Linear infrared (IR) and Raman techniques are readily
accessible and can often be coupled with illumination sources for in situ studies of the
azomaterial photoresponse. IR and Raman spectroscopies are also powerful reporters of
photoinduced orientation and (supra)molecular chirality when using linearly and circularly
polarized light, respectively. This stems from their intrinsic chemical specificity that allows the
contributions of specific moieties and individual components in complex systems to be
distinguished, in contrast with classical techniques such as photoinduced birefringence and
electronic circular dichroism. When comparing the two techniques, Raman spectroscopy has
been less used to date than IR spectroscopy for resolving linear or circular anisotropy due to
Raman spectroscopy's lower time resolution and higher complexity. With Raman spectroscopy,
one must also ensure that the laser light is not in resonance with the azobenzene absorption or
that the laser intensity is extremely low to avoid fluorescence and perturbation of the system
(such as the introduction of photo-orientation by a linearly polarized probe beam).

Another capability of vibrational spectroscopy is that chemical information can be obtained
with 2D or even 3D spatial resolution.*!~*#! According to the Rayleigh criterion, the attainable
resolution is given by 0.61 A / NA, where A is the wavelength of light and NA is the numerical
aperture of the objective. The spatial resolution in IR spectroscopy is restricted by long
wavelengths (from ~3 to 20 um) while better resolution can be reached by Raman spectroscopy
because a UV, visible or near-IR laser is employed (with Aaser most commonly between 488
and 785 nm). Diffraction limited in-plane resolution can be reached for ideal samples such as
individual carbon nanotubes for Raman spectroscopy and resolution targets for IR spectroscopy
when using a focal plane array imaging system. In practice, a lower resolution on the order of

10 pm for IR microscopy and 500 nm for confocal Raman microscopy is typically achieved for
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thicker samples."**) In Raman microscopy, better spatial resolution can be obtained by replacing
the standard metallurgical objective by an immersion objective with a higher NA. For IR
spectroscopy, the high refractive index of germanium allows an increase in NA by a factor of
4 for attenuated total reflection (ATR) imaging compared to transmission measurements and

thus a corresponding resolution improvement.!?]

It was recently shown that spatial
oversampling with a pixel size on the order 0.25 A / NA provides the highest image quality and
information content in the so-called hi-definition imaging mode.*> 3 The depth resolution of
confocal Raman microscopy is lower than its lateral resolution and is on the order of 1 um for
ultrathin samples such as a suspended graphene sheet. In practice, the depth of focus degrades
rapidly to several um when probing below the surface of the sample and the focal volume is
deeper than assumed due to refraction of light within the sample.”- ! These distortions can be
alleviated by using an immersion objective. These various considerations are important to take
into account in applications of spatially resolved vibrational spectroscopy to azopolymers.

Surface sensitivity down to a single monolayer or less can also be obtained using ATR or
reflection-absorption IR spectroscopy® or surface-enhanced Raman scattering (SERS),!*0]
while more advanced techniques such as vibrational sum frequency generation can provide
information about molecular organization and anisotropy specifically at the surface or at the
buried interface between two bulk phases.!*!! The time resolution of conventional IR and Raman
spectroscopy is typically limited to several ms, which is sufficient for most studies at the
material scale but is insufficient to probe the molecular details of the photoisomerization
process itself. Specialized techniques, such as femtosecond stimulated Raman spectroscopy and
ultrafast pump-probe spectroscopy, can shed light on the complexity of the many possible
pathways of the azobenzene isomerization reaction and its impact on the structure and
environment of surrounding molecules or molecular segments. 4!

Herein, we highlight four different application areas of macromolecular azo photoswitches

where vibrational spectroscopy has advanced and continues to advance the molecular-level
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understanding of photoresponsive materials. While examples of the applications of some of the
most advanced techniques will be given, this feature will focus mainly on the approaches more
readily accessible to polymer and materials scientists studying azo-based photoactive materials.
The topics are organized in order of increasing light-induced order in the material. In section 2,
non-polarized visible light is employed for disrupting order in the system, in particular to unfold
peptides and to deform or rupture vesicles. Section 3 is devoted to the characterization of
photoinduced uniaxial or biaxial anisotropy using linearly polarized IR and Raman. Section 4
explores how circularly polarized light can be used to create chiral structures and how these
structures are studied by vibrational optical activity. Finally, in section 5, we describe the
multiscale problem involving the characterization of surface patterns created by photoinduced
mass transport of material under non-uniform illumination, such as polarization or intensity
interference patterns. Even though the scope of this feature article is restricted to azobenzene-
based photoresponsive macromolecular materials, we emphasize that vibrational techniques are
broadly applicable to other types of photoswitches and to stimuli-responsive materials

controlled by other external triggers besides light, such as pH, temperature, humidity and COx.

2. Light control of self-assembled structures

Many macromolecules, both of biological and synthetic origin, have the intrinsic characteristic
of forming secondary or higher order structures based on folding due to specific intra- and
intermolecular interactions. One way to build a fundamental understanding of the folding of
biologically relevant proteins and of their synthetic polymer analogues is to study the stimulus-
activated (un)folding dynamics of model peptides by either temperature (so-called T-jump
experiments) or another external trigger, such as a photoswitch,*3) to induce structural changes
at a scale much larger than the sub-nm scale of photoisomerization.* 3] Although many different
kinds of photoswitches have been covalently incorporated into model peptides, azobenzene

derivatives were shown to give the largest range of activation wavelengths and cis lifetimes,
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making them the most common photoswitch in foldamers; they can be incorporated in the
foldamer backbone, tethered as a side chain or attached by both ends to create a loop connecting

I, [44

two parts of the foldamer.[**! All of these foldamer designs have been shown to lead to

photoinduced changes, such as the helix-coil transition or photomodulation of the helicity.! ")
One of the most accessible ways to determine the secondary structure of a peptide, and thus to
observe its folding/unfolding, is to use IR to track the position of the amide I band (mainly due
to C=0 stretching of the peptide bond), which is very sensitive to intra- and intermolecular
dipole-dipole coupling and hydrogen bonding.!*¢! It was shown by ultrafast UV pump/IR probe
spectroscopy that the equilibration of the folded/unfolded peptide structures after a phototrigger
event follows nontrivial dynamics with time constants distinct from the dynamics of the actual
photoswitching reaction.*7-4]

Figure 2a illustrates the conclusions reached from applying a transient UV-visible pump to
activate an azobenzene photoswitch located in the backbone of a B-hairpin structure via flexible
linkers and using mid-IR and UV-visible probe spectroscopy to follow the structural changes
in the B-hairpin upon photoinduced folding and unfolding.®®! The folding and unfolding,
initiated by trans-cis and cis-trans azo isomerization, respectively, were found to follow the
(fast) photoisomerization in a sequence of spectrally distinct steps, but with significant time
differences. For unfolding, depicted in Figure 2a (right panel), stretching of the linkers with
vibrational excess energy (represented by springs) as well as breakage of some intrastrand
hydrogen bonds were observed at the scale of a few ps. However, the dense packing of the -
hairpin was still observed at the 25 ps scale and imposes constraints on the trans azobenzene
and its adjacent linkers. The final unfolding took place at an order of magnitude slower time
scale, being completed within 1 ns. In contrast, the fast trans-cis isomerization, depicted in the

left panel of Figure 2a, also causes an initial local strain on the flexible linkers, but it is released

much more quickly, with a 50 ps time constant, as compared to cis-trans isomerization. On the



other hand, the subsequent structural folding with intramolecular H-bond formation required a

much longer thermal structural rearrangement, with a time constant in the us range.!>"
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Figure 2. a) Stepwise structural changes related to the folding (photoinduced by the trans-to-
cis reaction of the azobenzene photoswitch (left), depicted in orange), and the unfolding
(photoinduced by the cis-to-trans reaction (right)) of a B-hairpin peptide, and the corresponding
timescales determined by transient pump-probe spectroscopy. The orange springs represent the
strain imposed on the flexible linkers by the (fast) photoisomerization reactions, leading to the
(slower) peptide folding/unfolding and H-bond formation/breakage in the sequences shown.
Reprinted with permission from Schrader et al.>®! Copyright 2011. American Chemical Society.
b) Scheme of structural rearrangements occurring upon trans-to-cis photoisomerization in the
backbone of a helical foldamer, leading to unfolding of the helical structure in acetonitrile at
two distinct time scales. Reprinted with permission from Steinwand et al.l>!! Copyright 2016.

American Chemical Society.

UV pump (365 nm) / IR probe spectroscopy (5.6 to 8.5 um) was also used to probe the
mechanistic pathway of the first steps of photoinduced unfolding of a helical pentameric
foldamer containing azobenzenes in the backbone, the changes in the vibrations of the side

chain serving as fingerprints for unfolding.>!! The two observed timescales (20 and 150 ps)
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were assigned to the completion of the initial photoisomerization event and the slower structural
rearrangement steps of the foldamer structure (schematically illustrated in Figure 2b),
respectively, and an unfolding reaction pathway supported by DFT calculations was
proposed.’!] Direct structural resolution of these transient events could be significantly
improved by applying transient 2D-IR spectroscopy, as reviewed by Hamm and co-workers."?)
A rather different application of light-control of self-assembled structures, having both
biological and pharmaceutical application potential, centers on photoresponsive vesicles. In
these spherical shell structures, water containing a useful cargo is enclosed by a membrane of
amphiphilic small molecules (such as in liposomes) or block copolymers (polymersomes).[**!
Combining optical laser trapping (optical tweezers) and the spatial resolution of confocal
Raman spectromicroscopy allows collecting data from individual identifiable micrometer-sized
vesicles. Under 365 nm UV illumination, bursting of the vesicles formed by a block copolymer
of thermoresponsive N-isopropylacrylamide (NIPAM) and photoresponsive azo-containing
repeat units (structure shown in Figure 3) was observed. Raman was used to determine in situ
the degree of isomerization of the azobenzene with 1 s time resolution by following the
appearance of cis-specific bands.** Cross-linking the azobenzene side groups in the otherwise
same copolymer results in photoinduced swelling of the structure rather than bursting, and an
increased degree of cross-linking leads to a decrease in both photoinduced swelling and degree
of photoisomerization, as indicated in Figure 3.1°% It was also found that the swelling of the
vesicles only occurs when azobenzene units are separated from the polymer backbone by a
flexible spacer, whereas practically no photo-isomerization was observed in the absence of a
spacer.> Optical laser trapping combined with Raman spectroscopy is an attractive method
for investigating various types of self-assembled structures, not limited to macromolecules, that

could offer interesting insights, for instance, on photoinduced release from liposomes.”!
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Figure 3. Photoinduced swelling and degree of azobenzene isomerization under 365 nm
illumination as a function of cross-linking density in vesicles formed by the thermo- and photo-
responsive diblock copolymer shown (before cross-linking). Reproduced with permission from

Shen et al.’>! Copyright 2012. Royal Society of Chemistry.

3. Photo-orientation of azobenzenes and photocontrol of passive molecules

Photoinduced orientation of azobenzenes and of associated polymer chains and/or liquid
crystalline domains can be achieved by illuminating azobenzene-containing macromolecules
with linearly polarized light.”’] There are three main mechanisms affecting the induced
orientation. First, angularly selective photoisomerization leads to an angle-dependent
distribution of trans and cis isomers, so-called angular hole burning (AHB), because the
probability of photon absorption by the trans azobenzene is proportional (with a cos’0
dependence) to the projection of its transition dipole moment onto the electric field polarization
direction of the incident radiation.’®! AHB is often followed by angular redistribution upon the
cis-trans reaction and multiple trans-cis-trans isomerization cycles thus contribute to creating

uniaxial photoinduced orientation perpendicular to the incident polarization direction, as
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illustrated in Figure 4. Simultaneously, a relaxation process due to Brownian motion, also
known as rotational diffusion, counteracts the angular redistribution of the molecules.[*® > This
relaxation process also operates after the irradiation is removed and leads to partial loss of
photoinduced orientation. The in-plane photoinduced orientation can be erased in many
materials by further illumination with circularly polarized (Figure 4) or unpolarized light or by
heating above the glass transition temperature. Multiple inscription and erasure steps can
therefore be combined, although erasure with light leaves out-of-plane anisotropy in the
material.l>®] Photo-orientation of azobenzenes has interesting application prospects, such as all-
optical inscription of waveguides,[®* °!l photoalignment of nanostructures in organic/inorganic
hybrid films,®l and command surfaces/layers, a concept widely applied for controlling the

orientation of liquid crystals.!%’]

Isotropic
A=A,
A n#n,

Figure 4. Photo-orientation of an azobenzene-containing polymer by linearly polarized light
and erasure of the induced orientation by circularly polarized light. Used with permission of

Frangois Lagugné-Labarthet.

Polarized IR spectroscopy has proven powerful for establishing a fundamental understanding
of photo-orientation in macromolecules, since it elegantly complements polarized UV-visible
spectroscopy and photoinduced birefringence studies by distinguishing the orientation and
kinetics of specific chemical groups in the system. Buffeteau and Pézolet were the first to apply

polarization modulation infrared linear dichroism (PM-IRLD) spectroscopy, coupled in situ
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with a linearly polarized laser, to study the molecular-level photo-orientation of poly(Disperse
Red 1 acrylate) (pDR1a), a well-characterized amorphous photoactive homopolymer.[**! PM-
IRLD enables quantifying anisotropy in real time (down to a time resolution of 200 ms) by
taking advantage of high-frequency photoelastic modulation between the two in-plane
polarization directions. They observed that the orientation of several chemical groups assigned
to azobenzene occurs simultaneously with the lower orientation of the carbonyl group near the
main chain of pDR1a upon irradiation, and thus concluded that the short ethylene spacer of
pDR1a allows partial translation of the orientation of the azo group into orientation of the main
chain.[% %1 In a library of closely related methacrylate-based polymers with longer alkyl
spacers (4 to 12 methylene units), only modest alkyl spacer orientation and no main chain

(6] A longer spacer, compared to pDR1a, enabled

(carbonyl group) orientation was observed.
the formation of LC phases, thanks to the decoupling concept,”! but its flexibility accounts for
the absence of orientation transfer from the azobenzene to the main chain.®®

Supramolecular material design, ! which employs spontaneously forming noncovalent bonds,
such as hydrogen and halogen bonding, between photoactive azobenzenes and photopassive
polymers, provides a window of opportunity to delve more deeply into the question of main
chain vs. side group orientation, since it is easy to prepare supramolecular assemblies with
variable spacer lengths, including spacer-free structures. By applying polarization modulation
infrared structural absorbance spectroscopy (PM-IRSAS) - a method derived from PM-IRLD
that, in addition, is capable of recording the absolute parallel and perpendicular absorbance
spectra simultaneously, and thus can determine the structural absorbance spectrum and quantify
the photo-orientation in situl® - we demonstrated that the larger photo-orientation of
iodoacetylene-capped halogen-bonded azobenzenes compared to their hydrogen-bonded and
non-bonded analogues leads to larger photo-orientation of the passive pyridine moiety of the

poly(4-vinylpyridine) host but to no orientation of the main chain.’% IR spectroscopy further

allows distinguishing the occupied and free pyridine moieties in these supramolecularly bonded
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complexes. Hence, by coupling a LED light (160 mW/cm? at 450 nm) to static IR measurements,
we showed that the supramolecular bonds are photostable enough (the high degree of
supramolecular bonding is essentially unaffected by irradiation) to allow the partial transfer of
the azo photo-orientation to the pyridine side group of the host polymer.[”®! Cooperative
orientation of the main chain was also reported for epoxy polymers containing spacer-free
azobenzene side groups using polarized IR, but the main chain orientation was again found to
be lower than that of the photoactive azo groups.!’!)

Vibrational spectroscopy can likewise be used to study the kinetics of orientation and relaxation
of the photoactive azobenzene groups as well as of the passive polymer moieties when
orientation of the azo is partially transferred to the polymer. For pDR1a, the rate constants of
azo and main chain orientation were found to be very similar, despite the main chain orientation

64,651 This observation demonstrated that the

being much smaller than that of the azo groups.!
“slow” and “fast” modes of biexponential kinetics of photo-orientation are not the consequence
of motions of the main and side chains of the azopolymer, respectively, as previously
thought,[”?l but rather from different processes influencing each chemical group or to the
existence of different molecular environments.[** %1 For dispersed mixtures of the small
molecule DR1 in different (isotactic, syndiotactic and atactic) poly(methyl methacrylate)s, it
was shown that the host polymer with the lowest glass transition temperature (Tg) (60 °C)
allowed the greatest DR1 mobility and thus the highest photo-orientation.[®* Recently, we have
used PM-IRSAS to elucidate the Ty dependence of photo-orientation by mixing a DRI1-
containing molecular glass with various photopassive glasses.!”*l We showed that the maximum
orientation and the orientation stability, after the laser source is removed, are unaffected by the
fraction of photoactive glass in the mixture at constant Tg. The orientation and orientation
stability both increase with Tg up to an optimal value (60 °C for blends containing 40% of the

photoactive glass) and then decrease and become constant, respectively, with further increase

in the Tg, which helps explain the complex Ty dependence during the optical inscription of
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surface relief gratings.”?! Recent developments in molecular glass functionalization!’*! may
allow precise control of the molecular environment and thus enable a deeper understanding of
photoinduced phenomena in azomaterials through IR investigations.

Photo-orientation studies of a methacrylate-based polymer bearing a less dipolar azobenzene
side group than pDRla provided valuable information about the mechanism of photo-
orientation, where the long lifetime of the cis isomer allowed PM-IRLD to distinguish its
orientational behavior independently of the trans isomer.[”*! It was concluded that trans and cis
orientation follow independent kinetics, that the cis isomer orients with its -N=N- bond
preferentially parallel to the linear polarization direction, and that its anisotropy relaxes faster
than the trans isomer after switching off the illumination. The latter was attributed to its globular
geometry, which creates fewer constraints for rotational diffusion.!”>)

Given that partial transfer the orientation of side-chain azobenzenes to a passive main chain is
possible, a follow-up question addressable by vibrational spectroscopy is whether photoactive
side-chain orientation can also be translated to a photopassive side chain in random copolymers
containing azobenzene and non-azobenzene comonomers, so that the passive side chain
contributes to the photoinduced birefringence. For one case, where the azo group has a very
low dipole moment (0.04 D), it was shown that azobenzene photo-orientation occurs without
orientation of the passive comonomer.!’8! In other reported cases, for which the azobenzene
comonomer had much a higher dipole moment, the photopassive comonomers were found to
cooperatively orient with the azobenzene (as shown by the example in Figure 5 for a copolymer
of photoactive DR1M and photopassive BEM monomers), whereas matching the dipole
moments of the two comonomers remarkably enhances the orientation of the passive group.!””
8 Thus, it was concluded that dipole-dipole interactions are the dominant mechanism
compared to steric pushing/pulling for orienting photopassive molecules.”’”! Being able to

spectroscopically distinguish between the functional groups revealed that the two comonomers

follow different orientation kinetics, with the azobenzene group described by biexponential and
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the comonomer essentially by monoexponential kinetics, as illustrated in Figure 5. This
suggests that, unlike for the photoactive monomer, for which both AHB and angular
redistribution contribute to photo-orientation, only one slower process dominates the
orientation of the photopassive comonomer. Additionally, the passive comonomer groups were
noted to retain most of their orientation after turning off the laser, whereas the orientation of
the azobenzene-containing comonomer decreases due to thermal cis-trans isomerization and
subsequent rotational diffusion.’”®! Two-dimensional correlation IR spectroscopy can be used
to establish the relative order of kinetic events and to increase spectral resolution in the
asynchronous map.!”” This helped in distinguishing the contributions of the NO2 symmetric
stretching bands of the photoactive and photopassive comonomers and indicated that the
photoactive DR1M units orient faster than the passive BEM, thus confirming the differences in

the orientation behavior of the two comonomers.!®"
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Figure 5. Orientation function under photo-orientation for photoactive DR1M and photopassive

BEM moieties in a poly(DR1M-co-BEM) random copolymer (chemical structure shown) with

a DR1M mole fraction of 0.52. [llumination began at 0 min and ceased at 60 min. Adapted with

permission from Natansohn et al.””) Copyright 1998. American Chemical Society.

-17 -



The intrinsic order in semi-crystalline or liquid crystalline polymers, as compared to amorphous
polymers, can increase the saturation value of their photoinduced anisotropy and improve the
orientation stability once the irradiation is removed.”) This was demonstrated for semi-
crystalline polymers by Buffeteau and Pézolet, who compared an amorphous p(DR1a-co-
MMA) copolymer and a semi-crystalline azopolymer whose rigid main chain contained
phenylene diacrylate groups and onto which DR 1-based side groups were directly attached with
no intervening flexible spacer.®!] They found that the higher photoinduced anisotropy of semi-
crystalline polymers is accompanied by biaxial orientation, in contrast to uniaxial orientation
in the amorphous copolymer. In the biaxially oriented semi-crystalline polymer, the orientation
of the azobenzene group was efficiently translated into orientation of the main chain, as probed
using bands related to the phenylene groups which are spectrally isolated from the azo
groups.®!) Photo-orientation studies of liquid crystalline polymers also showed a strong
tendency to biaxial orientation under illumination.®> 33! Additionally, polarized IR
spectroscopy was used to show that the orientation of a passive benzoate comonomer is directly
coupled to orientation of the azobenzene both below the Ty (glassy state) and above the Tg

(2] Selective deuteration, which is a well-established method for isolating

(nematic state).
vibrational modes originating from different functional groups that would otherwise overlap
and mask information in the IR and Raman spectra, was used for polyester-based liquid
crystalline azopolymers to unambiguously distinguish the azobenzene orientation from the
orientation of the alkyl spacer and the main chain, and a non-trivial dependence of the main
chain orientation on the spacer length was found.** On the other hand, it was found that
azobenzene orientation could be translated into main-chain orientation for a liquid crystalline
polymer with a flexible aliphatic polyester backbone but not for the analogous polymer with a
more rigid methyl methacrylate backbone.®>! These results underline that efficiently converting

side-chain orientation to main-chain orientation is not trivial and requires well designed

materials.
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Figure 6. Chemical structures of an amphiphilic azo-containing copolymer and the 5CB liquid
crystal (top). IR absorbance of selected bands as a function of time upon trans-to-cis
isomerization (366 nm light, bottom left panel) and cis-to-trans isomerization (436 nm light,
bottom right panel) of a stack of 49 Langmuir-Blodgett layers of the polymer and 5CB in
equimolar proportion relative to the azo-containing repeat unit. Reproduced with permission

from Ubukata et al.'®) Copyright 2001. American Chemical Society.

As already illustrated in Figure 1b, the photoinduced anisotropy of azopolymers can be put to
good use as command layers, in which the orientation of a thick layer of liquid crystals
("soldiers") is controlled by the photoresponse of a thin azopolymer layer ("commander"),
typically located next to the substrate below the LC layer but more recently shown to be
applicable as well at the free surface.l*”) Mixed multilayers of an amphiphilic azopolymer and
a well-studied liquid crystal, 5CB, depicted in Figure 6, were prepared using the Langmuir-
Blodgett technique in order to mimic the interfacial region between the command surface and
the LC phase.®® IR spectroscopy in the transmission and the reflection-absorption (IRRAS)

modes were combined to provide information on both in-plane and out-of-plane molecular
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anisotropy. Because of the surface selection rule of IRRAS, this technique is highly sensitive
to vibrational modes perpendicular to the surface.®® The initial ultrathin films presented
homeotropic orientation for both the azo group and 5CB. As shown in Figure 6 (bottom left
panel), in situ irradiation with 366 nm UV light led to the reorientation of both the azobenzene
(using a phenyl-O-C stretching band) and 5CB (using the nitrile stretching band) from
perpendicular to tilted orientation, in agreement with UV-visible results. The chemical
selectivity of IR also allowed concluding that there was no effect on the main chain, given the
absence of change in the C=0 stretching band absorbance, again confirming that a long and
flexible spacer (alkyl chain of 10 methylene units) efficiently decouples the main chain from
the azobenzene. Kinetic analysis of the IR data showed that the reorientation of the azo proceeds
faster than for 5CB. The reverse process, from tilted to homeotropic alignment, was conducted
using 436 nm visible light (bottom right panel of Fig. 6) and revealed that a threshold of
azobenzene cis-trans conversion, reached after 150 s at this irradiance, is needed to induce a
change in 5CB orientation. Both the homeotropic-tilted and tilted-homeotropic transitions could
be accelerated by increasing the irradiance of the illuminating light.!3¢! Later, Ohe et al.
demonstrated the power of vibrational sum frequency generation (SFG) spectroscopy in
resolving the molecular orientation of the same azopolymer at the air-water interface. In
particular, it was found that the trans isomers orient perpendicularly to the surface while the cis
isomers are parallel to the surface, and that the orientation of both is affected by the surface
pressure.[®”]

To summarize, the chemical selectivity and time resolution of polarized IR spectroscopy has
enabled resolving the orientation kinetics of individual molecular moieties in real time and
revealed several aspects of the complex phenomena associated with the photoinduced
orientation of azomaterials. Surface selective methods such as IRRAS and SFG enable studying
anisotropy in thin films down to monolayer thicknesses and should see increased use in the

future. We also emphasize that polarized Raman spectroscopy, although much less commonly
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employed, has some clear advantages over IR methods when measuring samples in small
quantities or in shapes such as nm-sized electrospun fibers,®! as demonstrated by recent

%] and azobenzene orientation

examples of polarized photopolymerization-induced orde
within the shells of vesicles.”” Additionally, Raman spectroscopy enables solving more
complex orientation distributions and provides the spatial resolution for probing depth-
dependent orientation in cases where the photo-orientation and cis content depend strongly on
the penetration of light in thick materials, for instance in self-standing films undergoing

photoinduced bending and in light-powered cantilever actuators.”> '3l Consequently, we

expect polarized Raman to play an increasingly important role in future studies.

4. Photoinduced chirality

Vibrational optical activity, which is measured as the difference in the absorbance of left- and
right-handed circularly polarized IR light (vibrational circular dichroism, VCD) or as the
difference in Raman intensity (Raman optical activity, ROA) between the two incident circular
polarizations and/or the two scattered polarizations, provides information on the chiral character
of single molecules or supramolecular assemblies of many molecules.”* As for linear
dichroism, the interest of vibrational optical activity stems from the higher structural
information that can be gathered in comparison to electronic transitions in the UV-visible range
thanks to the selectivity of vibrational modes to specific moieties or components in complex
systems.”* When coupled with suitable computational support (usually DFT ab initio
calculations), these techniques can solve the absolute configuration of chiral organic
molecules®! and elucidate what structural units give rise to optical activity in supramolecular
chiral structures.*®!

Azobenzene photoisomerization has already been used in chiroptical switching, where the
optical activity stems from the supramolecular self-assembly of macromolecules®’! or from
intrinsically chiral helical structures.[!” Iftime et al. demonstrated that an initially achiral
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smectic A liquid crystalline azopolymer can be used as a chiroptical switch, for which
illumination with circularly polarized light induces chirality whose handedness can be switched
by selecting the handedness of the illuminating light.”®! The authors mentioned that using VCD
would be crucial for separating the contributions of the polymer main chain and azobenzene to
the induced chirality. However, considering that no main-chain orientation was observed by
PM-IRLD for this polymer upon photo-orientation, *®! attributed to the flexibility of the spacer,
one can expect that VCD or ROA would reveal light-induced chirality only for the azo side
chains.

For an initially achiral nematic liquid crystalline azopolymer, whose structure is shown in
Figure 7b, photoinduced chiral nematic order was similarly demonstrated, with the proposed
mechanism depicted in Figure 7a.°°! The enantiomeric supramolecular helices, identified by
electronic circular dichroism, were found to be stable for at least two months after switching
off the illumination. The authors found that only vibrational bands assigned to azobenzenes
show a VCD response (see VCD spectra in the upper panel of Figure 7b), whereas the C=0
stretching band (1725 cm™) of the ester group located near the backbone, which has medium
intensity in the normal IR absorbance spectrum (lower panel of Figure 7b), is completely VCD-
silent, thus showing that the supramolecular chirality is due to the organization of the
azobenzene side chains into a chiral structure upon illumination by circularly polarized light.”)
An analogous induction of photoinduced chirality was found in supramolecular columnar liquid

crystals, leading to a qualitatively similar conclusion.!!%!
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Figure 7. a) Schematic representation of photoinduced chirality in an achiral nematic liquid
crystalline azopolymer by illumination with circularly polarized light. Chiroptical switching
was realized by changing the handedness of the circularly polarized light. b) VCD spectra upon
illumination of right-handed (black) and left-handed (grey) circularly polarized light (top panel)
and normal IR absorbance spectrum (bottom panel) of the liquid crystalline azobenzene
polymer shown. Adapted with permission from Tejedor et al.*”! Copyright 2007. Wiley-VCH,

Weinheim.

VCD has also been shown to be a powerful tool for studies of photoinduced folding/unfolding
of helical foldamers, given that the helical secondary structures exhibit chirality. In a recent
example, the vibrational circular dichroism of N=N stretching bands in an azobenzene-
containing foldamer backbone were shown to be good markers for determining the
conformation of the foldamer upon photoinduced unfolding and helicity changes.['"!) We
believe that more extensive use of vibrational optical activity may increase understanding of
the role of each molecular moiety and thus help to improve the design of switchable chiral

structures of molecules and supramolecular assemblies, both in solution and in the solid state.

5. All-optical mass transport of material

One of the most remarkable consequences of azobenzene photoisomerization is optically driven

mass transport of material that occurs at the micrometer scale under irradiation with an intensity
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or polarization gradient, often in the form of an interference pattern. Depending on the shape
and nature of the light pattern incident on the azopolymer film, different surface structures such
as sinusoidal gratings (often referred to as surface relief gratings (SRGs), 2D egg-shell gratings,
craters and spirals can be created, as depicted in Figure 8.1 1921951 Even more complicated
spatially varying structures are possible through polarization sensitive directional
photofluidization lithography!>” as well as sequential steps of writing and partial erasure of
these surface patterns.'®! The application prospects of these structures range from photonics
components, such as waveguide couplers, to micro- and nanoscale templating tools and even to
cell culture substrates.[%% 191061 A[l_optical surface patterning was demonstrated for different
types of azomaterials including amorphous!?! and liquid crystalline!®! side-chain azopolymers,
molecular glasses!!?”- 1% and supramolecular polymer-azobenzene complexes.!'® 1% Surface
pattern formation can also occur under illumination by a single polarized beam, in so-called
spontaneous surface patterning,!'”> '] and at temperatures down to at least 73 K (the lowest
temperature tested to our knowledge),!!'?! which can reveal information about the early stages

of the pattern formation due to the slower kinetics at low temperature.

SP Interference pattern

e)

Figure 8: AFM micrographs of a) sinusoidal, b) egg-shell, and ¢) spiral photoinduced patterns.
The distribution of the electrical field vector relative to the position of the maxima and minima
of the sinusoidal SRGs prepared using d) = 45° and e) sp interference patterns. Panels a and b
reproduced with permission from Goldenberg et al.l'% Copyright 2009. Royal Society of
Chemistry. Panel ¢ reproduced with permission from Ambrosio et al.'®?) Copyright 2012.
Nature Publishing Group. Panels d and e reproduced with permission from Di Florio et al.t!!3]

Copyright 2014. Royal Society of Chemistry.

-4 -



Even though the phenomenon was discovered more than 20 years ago,!!'* 5] the community
is still debating the mechanisms behind this massive molecular motion below Tg under
illumination, the only consensus reached thus far being that azobenzene photoisomerization is
required for the process to take place.[''8) A qualitatively similar but mechanistically different
(essentially thermal) all-optical surface patterning phenomenon occurring in LC polymers,
where illumination above Ty leads to a LC phase transition, should not be associated with this
debate.’) In situ near-field optical microscopy was used to show that there are at least two
mechanisms (intensity- and polarization-induced) with distinctly different kinetics leading to
mass transport for amorphous pDR1a.l!!7] Other recent experimental observations also support
the coexistence of at least two mechanisms, '8 one related to photo-orientation induced stresses
in the material!!*1?? and the other to isomerization-induced dynamic heterogeneities driving
local diffusion-like motion of the molecules. ! 123-12€]

Vibrational spectroscopy can contribute to the debate because it can measure both photo-
orientation and photoinduced changes in the molecular environment. Polarized confocal Raman
microscopy provides a spatial resolution at the same scale as the surface undulation resulting
from a two-beam interference pattern and thus enables probing the orientation distribution of
the molecules in different sections of a SRG. Sourisseau and coworkers were pioneers in this
field, developing the formalisms to deduce the orientation distribution from polarized Raman
signals.'?’l They have shown that the orientation distribution of the chromophores varies
spatially along the grating (i.e. whether on a hill, slope or valley) and depends on the
polarization combination used for the interfering beams. They concluded that the orientation of
the chromophores is not only dictated by the spatially varying polarization of the incident

128-1301 They also reported

irradiation but also by the mass transport of the polymer chains.!
differences in dye concentration between the hills and the valleys of a SRG.["*! They took

advantage of preresonant conditions to enhance the intensity of azo-related bands but did not
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report on the orientation of the polymer main chain, which still remains an open question
especially in view of its common decoupling from the orientation of the azo side groups as
discussed in Section 3. Later, they demonstrated that a SRG can be poled by an electric dc field
to increase polar ordering of the azobenzenes, as characterized by second harmonic generation
near-field scanning optical microscopy (at visible wavelengths) combined with confocal Raman
microscopy.!'*?] The polar ordering was found to be larger on the hills and especially on the
slopes, as compared to lower values for the valleys of the surface structure.

The formalism developed by Sourisseau and coworkers was further applied by Havenith and
coworkers to study the chromophore orientation at different locations of SRGs prepared using
various interference patterns.!''3 Among these, they found anisotropic orientation distributions
in the areas subjected to circular polarization under a £45° interference pattern, suggesting that
the mass transport itself contributes to the orientation (uniform illumination with circular
polarization maintaining in-plane isotropy, as discussed in Section 3). They used lateral
sectioning of the gratings to show that anisotropy penetrates the entire polymer film and is not
restricted to its illuminated surface, although it should be noted that the reported orientation
parameters were modest. They also successfully adsorbed graphene onto the azopolymer

133

surface!'** and used the well-known shift of the Raman G-band as direct evidence of stress

induced in the adsorbed graphene due to the mass transport of the underlying azopolymer.[!*¥
The stress level was calculated to reach above 1 GPa, indicating that the azopolymer remains
glassy under irradiation as opposed to reaching a fluid-like state. To contextualize this
observation, UV-visible and Raman spectroscopy measurements on pDR1a have shown that
the fraction of cis isomers in the photostationary state decreases when applying an increasing
hydrostatic pressure but that some photoisomerization remains possible even at applied

[135

pressures as high as 1 GPa.['3%! This capability of macroscopic material transport can be used

to move passive objects, as was shown for polystyrene nanoparticles on the surface of an

azobenzene-containing glassy film.!!3¢]
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Recently, tip-enhanced Raman scattering (TERS), a technique that provides a spatial resolution
well below the diffraction limit, down to 1-2 nm,!"*”) was used to characterize the 3D orientation
of an azopolymer. It was reported that homeotropic and planar orientations of the azo side-
chains can be obtained by applying a dc electric field with an AFM tip and a near-field

138

longitudinal resonant light, respectively.['*®) By taking advantage of the exquisite sensitivity of

TERS, it was even possible to observe the reversible cis-trans photoisomerization of a single
azobenzene molecule.!'?)

While vibrational spectroscopy is normally used to obtain information on the azopolymer
behavior, the roles can sometimes be reversed. Indeed, surface-enhanced Raman scattering
(SERS) and IR absorption (SEIRA) depend on the strong electric field enhancement created by
plasmonic structures and especially by the presence of hot spots between nanoparticles. AFM
was used to image, with nanoscale resolution, the impact of irradiation on the localization of
azopolymers deposited on such plasmonic structures, helping to optimize the design of
substrates for surface-enhanced spectroscopy.!!*% 141l Both SERS and TERS were also shown
to be powerful tools for catalyzing the coupling of amino- or nitro-phenol functionalized
molecules to form the corresponding azobenzene thanks to the high energy of hot electrons
originating from localized surface plasmons. It was further demonstrated very recently that
the scanning capabilities and plasmon confinement properties of a TERS tip enable
extending this concept to bifunctionalized molecules to create main-chain azopolymers at
the micron scale, but with nanometer scale control of the polymerization process.!4*

By employing attenuated total reflection IR spectroscopy with in situ heating and illumination,
we have characterized the photoinduced changes in the molecular environment of pDR1a and
of a DR1-containing mexylaminotriazine molecular glass, the structures of which are shown in
Figure 9a.['*) Figure 9b shows that IR bands associated with the azo group shift as a function

of temperature, enabling determination of the Tg spectroscopically. It was found that the Ty is

unaffected by irradiation, but that the molecular environment of the azo is highly perturbed by
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cyclic illumination (2 min on, 2 min off). The similarity of the band shifts under irradiation and
heating allowed defining an "effective temperature" as that to which the material should be
heated in order to reproduce the light-induced effect. The effective temperature, reflecting the
photoinduced perturbation of molecular environment, was shown to depend strongly on the
molecular location of the moieties, with the azo group the most highly perturbed and, at the
other extreme, the glass core or polymer backbone completely unaffected by irradiation in the
two materials studied. These results suggest the existence of sub-molecular dynamic
heterogeneities that contribute to the photoinduced mass transport in azomaterials.['*3 It is
noteworthy that unpolarized LED light was used, which should minimize orientation-induced

stresses in the materials.
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Figure 9. Molecular structures of pDR1a and of an azobenzene-containing molecular glass
(gDR1) showing the azobenzene (red), spacer (gray) and backbone (blue) moieties. b)
Determination of the effective temperature by comparing the band shift measured under cyclic
illumination (120 s lights on, 120 s lights off; green data) at constant temperature to the band
shifts as a function of temperature without irradiation (red data). A large increase of effective
temperature was found for the azo bands (illustrated here for the symmetric NO:2 stretching
vibration of gDR1) while no increase was found for the backbone bands. Adapted with

permission from Vapaavuori et al.['*! Copyright 2015. American Chemical Society.
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Despite the knowledge gained from studying SRGs prepared with patterned illumination and
the related photo-orientation under uniform illumination (reviewed in Section 3), there are still
many unanswered questions regarding light-induced transport and photomobility in
azomaterials. For example, the orientation values measured for SRGs are well below the
theoretical maximum and are lower than the values obtained using a single polarized irradiation
source. Care must also be taken not to assume that the azobenzene orientation reflects the
orientation of the polymer main chain. Moreover, only modest main chain orientation is
observed by PM-IRLD for pDR 1a despite its capability of creating SRGs with high diffraction
efficiency. To our knowledge, there are no studies directly comparing the photo-orientation
under identical material and experimental conditions, such as irradiation intensity, wavelength
and time interval between inscription and analysis. Further studies exploiting the chemical
sensitivity of polarized Raman microscopy and other spatially resolved spectroscopy
techniques to determine the orientation distribution function of different molecular groups in
SRGs are therefore desirable. Future work of interest also comprises the extension of the IR-
based photomobility and photo-orientation studies to supramolecular polymer-azobenzene
complexes, which have shown the capacity of producing photoinduced SRGs even at very low
azobenzene content (and thus low global orientation).['**] Developments in various near-field
techniques, both in IR and Raman, will open up new avenues for characterization and
manipulation of photomobile materials at spatial resolutions well below the optical diffraction

limit.

6. Conclusion and outlook

Photoinduced molecular-level geometrical changes in light-powered molecular switches and
motors can lead to significant bulk-level material motions and changes in functional properties
when these light-active molecules are coupled to macromolecules. To advance the
understanding of these important photoinduced phenomena, vibrational spectroscopy provides
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complementary advantages to other contemporary material characterization methods, in
particular because of its chemical selectivity that allows distinguishing the photoresponse of
specific chemical groups, its flexibility in handling different sample types (from bulk materials
to monolayers and even individual molecules), its easy coupling with illumination sources for
in situ studies, and its capacity to probe orientation and chiral order. While the most advanced
techniques, such as fs time-resolved spectroscopy, coherent 2D-IR spectroscopy, sum
frequency generation and near-field vibrational spectroscopies, remain the domains of
specialized laboratories, several methods highlighted in this feature article, such as confocal
Raman microscopy and polarized IR spectroscopy, are accessible to the majority of materials
and polymer scientists.

A general observation throughout the reviewed studies is that the mechanisms by which the
photoisomerization of azobenzene is coupled to changes in the macromolecular and/or material
structure, whether it is the folding or unfolding of a peptide, the photoinduced chirality in LC
azopolymers, or the mass transport of illuminated azomaterials, are not straightforward and not
yet fully understood. As one example, the photo-orientation or chiral order of the azobenzene
and of the polymer backbone to which it is attached are usually very different, as was also the
case for photoinduced changes in the molecular environment in the vicinity of the azobenzene
versus the vicinity of the backbone moieties. Indeed, the flexible parts in the molecules
commonly appear to moderate, or even completely absorb, the abrupt changes experienced by
the azobenzene. These azopolymers can nevertheless undergo large-scale motions and
structural reorganization, indicating that such phenomena in photonic materials are more subtle
than revealed by more commonly used techniques for characterizing azopolymers, such as UV-
visible spectroscopy and birefringence.

In this context, the chemical selectivity of vibrational spectroscopy can emphasize the
importance of small structural differences and thereby guide the polymer scientist in optimizing

the molecular design of azomaterials. For instance, applying Raman spectroscopy to distinguish
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the orientation of the macromolecular backbone from the azobenzene moiety along the pitch of
SRGs and to probe photo-orientation at different depths in LC polymer actuators (where
functionality arises from the decreasing light penetration with depth) should lead to a better
control and design of such systems. Near-field methods, such as tip-enhanced Raman scattering,
photothermal induced resonance and scattering infrared near-field scanning optimal
microscopy, can provide spatial resolutions well below the diffraction limit!!37 145 146] and,
although they have seldom been applied to azomaterials, their increasing availability offers
appealing prospects.

While this article focused on azobenzene-based materials, one of its aims was to raise awareness
of the versatility and power of vibrational spectroscopy techniques for characterizing
photoinduced changes in photoswitchable macromolecules in general. Furthermore, vibrational
spectroscopy is certainly not restricted to responses induced by photoswitching, but can also be
an effective tool for investigating other stimuli-induced switching, such as through electric

fields, pH and temperature.
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